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Abstract: Die Forschung im Bereich von Gletschergefahren ist durch natürliche und vom Mensch in-
udzierte Entwicklungen gefordert. Die Klimaveränderung beeinflusst stark die Dynamik in glazialen und
periglazialen Gebieten. Der starke Rückgang der Gebirgsgletscher und die Degradation von Permafrost
kann zu Situationen führen, die ohne historische Präzedenz sind und die Gefahrensituation entsprechend
verändern. Die damit einhergehende Intensivierung der menschlischen Aktivitäten in Gebrigsräumen
akzentuiert zusätzlich das Konfliktpotenzial im Zusammenhang mit Naturgefahren. Solche schnellen
Veränderungen verlangen Techniken zur regelmässigen Überwachung der betroffenen Bereiche und Mod-
elle, um die Auswirkungen der Gefahrenprozesse abzuschätzen. Diese Studie befasst sich mit Gefahren
von Eislawinen, Ausbrüchen von Gletscherseen, periglazialen Murgängen und Interaktionen davon. Das
Fehlen von konsistenten Methoden zur Beurteilung von Gletschergefahren war Motivation zum Erar-
beiten von Konzepten für Gletschergefahren und ihrer Beurteilung auf Basis von Abschätzungen der
Ereignisgrösse und Eintretenswahrscheinlichkeit. Den Methoden liegen hauptsächlich Erfahrung, em-
pirische Beziehungen und physikalisches Verständnis zu Grunde. Informationen über Oberflächeneigen-
schaften der glazialen und periglazialen Gebiete werden von Fernerkundungsdaten und entsprechenden
Bildverarbeitungstechniken gewonnen. Es werden Methoden präsentiert zur Erfassung von steilen und
potenziell gefährlichen Gletschern, zur Erfassung und Beurteilung von Gletscherseen und unstabilen
Schuttreservoirs. Techniken der Geländemodellierung basierend auf öffentlich erhältlichen oder von Fern-
erkundungsdaten abgeleiteten digitalen Höhenmodellen (DHM) unterstützen die Analyse. GIS-basierte
Modelle unter Verwendung von ’flow-routing’ Algorithmen erlauben eine erste Beurteilung der Auswirkun-
gen von Gletschergefahren. Die Methoden wurden primär in den Europäischen Alpen entwickelt, aber
Anwendungen in grossen abgelegenen Hochgebirgsregionen wie den Anden zeigen das grosse Potenzial
solcher Methoden in diesen Gebieten. Die Modelle sind gezielt einfach im Gebrauch und in verschiedenem
Kontext anwendbar entwickelt worden. Damit wird eine Anwendung in der Praxis erleichtert, was an
verschiedenen Beispielen bereits erreicht wurde. Auf Grund von Tendenzen hin zu zunehmend sehr
hoch aufgelösten Satellitensensoren und der wachsenden Verfügbarkeit von aus Fernerkundungsdaten
abgeleiteten DHMs sind die Forschungsperspektiven vielversprechend. Die damit verbundene Datenflut
verlangt angemessene Techniken zur Datenverwaltung und -verarbeitung. Die im Rahmen dieser Studie
entwickelten Methoden und Modelle sind darauf augelegt, aktuell und zukünftig verfügbare Bild- und
Geländedaten sinnvoll und gewinnbringend nutzen zu können. Abstract Research on glacial hazards is
challenged by current natural and human-induced and - related developments. Climate change strongly
influences the dynamics in glacial and periglacial environments. Strong retreat of mountain glaciers and
permafrost degradation can lead to conditions never experienced in historical times and modify related
hazard effects. Parallel intensification of human activity in mountain areas accentuates potential con-
flicts with natural hazards. Such rapid changes necessarily require monitoring techniques and models to
simulate the effects of adverse natural processes on human systems. This study is concerned with hazards
from ice avalanches, glacial lake outbursts, periglacial debris flows and related interactions. The lack of
rigorous methods for assessment of glacial hazards was motivation to present a concept of glacial hazards
and their assessment based on event magnitude and probability of occurrence. Physical understanding,
experience and empirical relationships are the major basis of the methods proposed. Information on the
surface characteristics of glacial and periglacial areas is derived from satellite remote sensing imagery
and related image processing techniques. Methods are presented for detection of steep and potentially
hazardous glaciers as well as for detection and assessment of glacial lakes and possibly unstable periglacial
debris reservoirs. Terrain modeling based on publicly available or remote sensingderived digital elevation
models (DEMs) supports the analysis. GIS-models using flow-routing algorithms allow for first-order
assessment of the impacts from glacial hazards.
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  I 
Summary 
 
Research on glacial hazards is challenged by current natural and human-induced and -
related developments. Climate change strongly influences the dynamics in glacial and 
periglacial environments. Strong retreat of mountain glaciers and permafrost 
degradation can lead to conditions never experienced in historical times and modify 
related hazard effects. Parallel intensification of human activity in mountain areas 
accentuates potential conflicts with natural hazards. Such rapid changes necessarily 
require monitoring techniques and models to simulate the effects of adverse natural 
processes on human systems. 
This study is concerned with hazards from ice avalanches, glacial lake outbursts, 
periglacial debris flows and related interactions. The lack of rigorous methods for 
assessment of glacial hazards was motivation to present a concept of glacial hazards 
and their assessment based on event magnitude and probability of occurrence. Physical 
understanding, experience and empirical relationships are the major basis of the 
methods proposed. Information on the surface characteristics of glacial and periglacial 
areas is derived from satellite remote sensing imagery and related image processing 
techniques.  
Methods are presented for detection of steep and potentially hazardous glaciers as well 
as for detection and assessment of glacial lakes and possibly unstable periglacial 
debris reservoirs. Terrain modeling based on publicly available or remote sensing-
derived digital elevation models (DEMs) supports the analysis. GIS-models using 
flow-routing algorithms allow for first-order assessment of the impacts from glacial 
hazards.  
The methods were primarily developed in the European Alps but applications in 
remote and large high-mountain regions such as the Andes show the large potential of 
such methods in these areas. Application in practice is facilitated by the simplicity of 
the models and their applicability in different contexts, and has been achieved for a 
number of case studies. 
Research perspectives benefit from the trend towards very-high resolution satellite 
sensors and an increasing availability of remote sensing-derived DEMs. The related 
flood of data requires adequate assimilation and processing techniques. The methods 
and models presented here are designed to take advantage of present and future remote 
sensing imagery and terrain data.  

  III 
Zusammenfassung 
 
Die Forschung im Bereich von Gletschergefahren ist durch natürliche und vom 
Mensch inudzierte Entwicklungen gefordert. Die Klimaveränderung beeinflusst stark 
die Dynamik in glazialen und periglazialen Gebieten. Der starke Rückgang der 
Gebirgsgletscher und die Degradation von Permafrost kann zu Situationen führen, die 
ohne historische Präzedenz sind und die Gefahrensituation entsprechend verändern. 
Die damit einhergehende Intensivierung der menschlischen Aktivitäten in 
Gebrigsräumen akzentuiert zusätzlich das Konfliktpotenzial im Zusammenhang mit 
Naturgefahren. Solche schnellen Veränderungen verlangen Techniken zur 
regelmässigen Überwachung der betroffenen Bereiche und Modelle, um die Aus-
wirkungen der Gefahrenprozesse abzuschätzen.  
Diese Studie befasst sich mit Gefahren von Eislawinen, Ausbrüchen von 
Gletscherseen, periglazialen Murgängen und Interaktionen davon. Das Fehlen von 
konsistenten Methoden zur Beurteilung von Gletschergefahren war Motivation zum 
Erarbeiten von Konzepten für Gletschergefahren und ihrer Beurteilung auf Basis von 
Abschätzungen der Ereignisgrösse und Eintretenswahrscheinlichkeit. Den Methoden 
liegen hauptsächlich Erfahrung, empirische Beziehungen und physikalisches 
Verständnis zu Grunde. Informationen über Oberflächeneigenschaften der glazialen 
und periglazialen Gebiete werden von Fernerkundungsdaten und entsprechenden 
Bildverarbeitungstechniken gewonnen. Es werden Methoden präsentiert zur Erfassung 
von steilen und potenziell gefährlichen Gletschern, zur Erfassung und Beurteilung von 
Gletscherseen und unstabilen Schuttreservoirs. Techniken der Geländemodellierung 
basierend auf öffentlich erhältlichen oder von Fernerkundungsdaten abgeleiteten 
digitalen Höhenmodellen (DHM) unterstützen die Analyse. GIS-basierte Modelle 
unter Verwendung von ‘flow-routing’ Algorithmen erlauben eine erste Beurteilung der 
Auswirkungen von Gletschergefahren. Die Methoden wurden primär in den 
Europäischen Alpen entwickelt, aber Anwendungen in grossen abgelegenen 
Hochgebirgsregionen wie den Anden zeigen das grosse Potenzial solcher Methoden in 
diesen Gebieten. Die Modelle sind gezielt einfach im Gebrauch und in verschiedenem 
Kontext anwendbar entwickelt worden. Damit wird eine Anwendung in der Praxis 
erleichtert, was an verschiedenen Beispielen bereits erreicht wurde.  
Auf Grund von Tendenzen hin zu zunehmend sehr hoch aufgelösten Satellitensensoren 
und der wachsenden Verfügbarkeit von aus Fernerkundungsdaten abgeleiteten DHMs 
sind die Forschungsperspektiven vielversprechend. Die damit verbundene Datenflut 
verlangt angemessene Techniken zur Datenverwaltung und -verarbeitung. Die im 
Rahmen dieser Studie entwickelten Methoden und Modelle sind darauf augelegt, 
aktuell und zukünftig verfügbare Bild- und Geländedaten sinnvoll und 
gewinnbringend nutzen zu können. 

  V 
Resumen 
 
La investigación de peligros glaciales está siendo desafiada por los actuales desarrollos 
naturales y inducidos por los humanos. El cambio climático está influenciando 
fuertemente las dinámicas en el ambiente glacial y periglacial. El gran retroceso de los 
glaciares de montaña y la degradación del permafrost pueden llevar a condiciones 
nunca vividas en tiempos históricos y modificar los peligros asociados. La 
intensificación paralela de las actividades humanas en las áreas de montaña agrava los 
conflictos potenciales de los riesgos naturales. Tales cambios rápidos requieren 
técnicas de monitoreo y modelos para simular efectos adversos al sistema antrópico 
causados por peligros naturales. 
El presente estudio se ocupa de peligros por avalanchas de hielo, roturas de lagos 
glaciales, flujos de escombro en áreas periglaciales e interacciones relacionadas. La 
falta de métodos consistentes para la evaluación de peligros glaciales fue el motivo de 
presentar un concepto de los mismos y de su evaluación, basado en la magnitud y la 
probabilidad de ocurrencia del evento. El conocimiento físico, la experiencia y 
relaciones empíricas son la base principal de los métodos propuestos. La información 
sobre las características de la superficie de áreas glaciales y periglaciales deriva de 
imágenes satélite y técnicas de procesamiento de imágenes relacionadas.  
Se presenta métodos para la identificación de glaciares inclinados y potencialmente 
peligrosos, así como para la detección y valoración de lagos glaciales y áreas 
periglaciales de escombro potencialmente inestables. La modelización del terreno 
basada en modelos digitales del terreno (DEM), que están disponibles al público o son 
derivados de sensores remotos, apoya el análisis. Modelos de sistemas de información 
geográfica (SIG), que usan algoritmos de ‘flow-routing’, permiten una primera 
evaluación de impactos por peligros glaciales.  
Los métodos fueron principalmente desarrollados en los Alpes Europeos, pero las 
aplicaciones en regiones de montaña remotas y extensas, como los Andes, muestran el 
enorme potencial de tales métodos en estas áreas. La aplicación en la práctica está 
facilitada por métodos sencillos y su capacidad de aplicación en contextos diferentes, y 
realmente ha sido lograda en varias estudios. 
Las perspectivas de investigación son prometedoras, en vista de la tendencia a usar 
sensores satélite de muy alta resolución y la disponibilidad creciente de DEMs 
derivados de sensores remotos. Esto implica una cantidad enorme de datos que 
requiere técnicas adecuadas de administración y procesamiento. Los métodos y 
modelos presentados en este estudio son diseñados para aprovechar las imágenes de 
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1.1 Challenges in glacial hazard research 
Glacial hazards frequently affect populated high mountain regions. Hundreds or 
even thousands of lives can be lost in catastrophes related to glaciers. Annual 
economic loss is estimated to be in the order of 100 mill. EUR worldwide (Kääb et al., 
in press). Glacial hazards represent a major risk to life and property in densely 
populated high mountain areas such as the European Alps. In this context, risk is 
defined by a hazard and a damage potential component. Long-term atmospheric 
warming since the end of the Little Ice Age with an ongoing trend (1) and increasing 
human settlement of mountain areas (2) are two important components which govern 
the risk posed by glaciers. 
 
The impact of climate change. The glacial and periglacial environment is very 
sensitive to atmospheric warming, and thus quickly affected by melt conditions, as 
evidenced in the strong retreat of mountain glaciers currently experienced (Dyurgerov, 
2002; Paul, 2004). In fact, in the 2001 IPCC report, mountain glaciers were declared 
among the best natural indicators of atmospheric warming (IPCC, 2001). In the 
European Alps, for instance, glacier extent has receded to the minimum point, or is 
even less than in the last few thousand years (Haeberli et al., 2002a). Significant 
glacier recession can influence the development of related hazards. For example, 
potentially unstable glacial lakes often form in glacier forefields dammed by frontal 
moraines (Evans and Clague, 1994). Concerned with the related risk, UNESCO 
recently issued a strong warning regarding lake outburst hazards in the Himalayas. In 
spite of inconsistencies in the recording of natural historical hazards, it seems that 
there has been an increase over the past decades in the frequency of lake outburst 
events in the Himalayas (Richardson and Reynolds, 2000). Steep slopes of 
unconsolidated debris no longer covered by glaciers are a potential cause of debris 
flows (Zimmermann and Haeberli, 1992). New ice break-off zones on glaciers may 
evolve while others may cease to be active. Atmospheric warming also affects 
permafrost distribution. The active layer zone may become deeper, rockfall activity 
may increase or evolve at locations without known precedence (Harris et al., 2001). 
Lateral rockwalls can be destabilized by glacier retreat due to the stress changes 
induced (Haeberli et al., 1997; Kääb, 2000; O’Connor and Costa, 1993). In general, 
climate change may bring about a shift of the hazard sources. It is difficult to ascertain 
whether the frequency and/or magnitude of events have actually increased. However, 
situations with no historical precedence do already occur and must also be faced in the 
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future. This is evidenced by cases of glacial hazards which have been evolved and 
assessed during period of this study (c.f. Haeberli et al., 2002b; Kääb et al., 2003a). 
The influence of human activity on damage potential. In the last few decades, 
human settlements and activities have greatly increased in high mountain regions such 
as the European Alps. Infrastructure has been expanded into areas which had not been 
developed previously. Hence, there was a parallel increase in damage potential and 
vulnerability of mountain communities giving rise in turn, to a growing conflict with 
natural processes (Greminger, 2003; Petrascheck and Kienholz, 2003). Expensive 
protective structures have had to be built to reduce the risk. Spatial conflicts between 
human settlements and interests, and hazardous natural processes are very acute and 
strongly driven by economic, social and political factors which are beyond the scope 
of this study. 
 
An essential consequence of the points mentioned here is that the historical 
knowledge base no longer suffices for the designation of hazards zones in these 
regions, though it continues to be useful for the development of empirical models. 
Nevertheless, hazard assessments are still often made on the basis of historical 
experience. It is of critical importance now to develop new strategies for decision 
support and dealing with the risks posed by the increased human presence and activity 
in high mountain regions. 
The research focus on glacial hazards in the past has been predominantly on local 
studies, there have been considerable advances in the understanding of the processes 
involved (e.g., Clague and Evans, 2000; Kääb, 2000; Richardson and Reynolds, 2000; 
Haeberli et al., 2001). However, most of the processes involved are very complex and 
large gaps in the knowledge, for instance, concerning the formation of ice avalanches, 
still exist. There is a general lack of direct measurements because of the remoteness of 
the glacial and periglacial environment and because of the catastrophic nature of the 
processes. Application of existing, possibly viable physical process models with the 
necessary calibration and adjustment is hampered for the same reasons.  
A fundamental problem with glacial hazards is the insufficient knowledge of the 
presence and distribution of hazards. This is particularly true for large glacierized 
regions outside Europe (Richardson and Reynolds, 2000; Huggel et al., 2003a). 
However, even in Switzerland, monitoring is generally conducted at individual points 
and does not keep pace with the rapid changes in the glacial and periglacial 
environment. Therefore, methods are needed which are capable of detecting and 
assessing glacial hazards over large and remote areas. Nowadays, remote sensing and 
Geographic Information System (GIS) techniques are able to fulfill these tasks. A 
variety of satellite sensors with different spectral ranges and spatial resolutions 
regularly records the state of the earth's surface. GIS technologies, on the other hand, 
facilitate the integration of remote sensing data and derived parameters, as well as 
terrain information for analyzing and modeling glacial hazards. Nevertheless, these 
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two techniques are far from being thoroughly exploited for the purpose of glacial 
hazard assessments.  
1.2 Objectives of this study 
In consideration of the reviewed problems and deficiencies and of the 
technological potential available to solve them, the overall objective of this study is to 
develop methods and tools which allow to detect, model and assess glacial hazards on 
a regional scale. These methods have to incorporate remote sensing data and 
technology for monitoring the rapidly changing glacial and periglacial areas while 
possibly anticipating upcoming developments. The integration of remote sensing 
derived information with the modeling and assessment of hazard processes is aimed at 
within a GIS.  
Research issues and objectives are furthermore as follows.  
 
Concepts and methods for assessment of glacial hazards. In today’s practice, 
hazards from glacial and periglacial areas need to be assessed and fed into broader 
concepts of natural hazard assessments for regional or local planning purposes. 
However, rigorous and consistent methods for determining glacial hazards are hardly 
available. This study therefore tries to develop methods which support assessment of 
such hazards.  
 
Modeling strategies. The primary focus of the modeling studies is a regional, first-
order assessment of hazards. First-order models are applied at an initial stage of a 
hazard assessment and result in indications where critical situations are found and 
which areas are potentially affected. Second-order studies, which may be based on 
results of previous first-order models, analyze critical sites in more detail. The related 
strategy followed here is generally one of down-scaling. Beginning on a regional level, 
potential hazard sites are identified and the critical ones selected. These are then 
analyzed in more detail using more densely spaced data and adjusted techniques, and 
focusing on the corresponding analysis and modeling of the possible hazards. Detailed 
studies are not a principal goal and somewhat out of the scope of this work, though 
references to possible subsequent models are provided.  
 
Integration of empirical relations into GIS models. Switzerland, has an 
internationally recognized tradition and long-standing experience in dealing with 
glacial hazards as it has been living with and affected by such hazards for centuries. 
Based on the documentation and analysis of various events, empirical relations have 
been derived. This study now aims at integrating and transferring the empirical basis 
into GIS models for estimates of glacial hazard effects.  
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Process and process interaction modeling. In terms of individual processes, ice 
avalanches, lake outbursts and debris flows from periglacial zones are investigated 
here. Effects of these hazardous processes need to be assessed and mapped by 
appropriate models on a regional level. Snow avalanches, rockfalls or landslides are 
not subject to modeling within this study but must be considered as interacting 
processes. Indeed, the interaction of the individual processes is a significant issue to be 
addressed since process chains or combinations have repeatedly caused most severe 
disasters. Nevertheless, research has only sporadically focused on process interactions, 
with a lack of corresponding systematic modeling. An important task of this study is 
therefore the first-order, area-wide modeling of possible process interactions. The 
modeling process should not be fully automatic; rather, the intervention of experts is 
intended at several stages. The use of a sole automatic instrument for several 
applications including hazard detection, assessment and possibly generation of hazard 
maps could prove problematic and require critical reflection. 
 
Evaluation and use of new data and technologies. Technically, the study focuses 
on the evaluation of new data and technologies from remote sensing and GIS for 
glacial hazard applications. Well established and long-standing data such as from the 
Landsat satellite series provide a strong basis for fulfilling this task, in particular for 
change detection analyses. On the other hand, more recent sensors, e.g., ASTER, 
SPOT-5, IKONOS, or QuickBird, have extended the limits of spatial resolution or the 
generation of digital elevation models (DEMs). In view of the remote areas under 
investigation here, development and evaluation of techniques for the application of 
new remote sensing data in glacial hazard studies is considered imperative. The 
present study concentrates on optical, satellite-based remote sensing data. Terrain 
modeling can support the assessment and rating of glacial hazards. It is therefore a 
goal to develop methods and models which are capable of making use of such data in 
Alpine or other more remote high-mountain regions worldwide in order to ultimately 
map potentially endangered areas in combination with GIS-based models of mass 
movements and floods from glacierized regions.  
1.3 Structure of the study and thesis 
The structure of this study comprises three methodological levels and a set of 
specific techniques performed at each level (Fig. 1). The three levels are broadly 
associated with different scales, starting with the regional scale and down-scaling to 
the local scale. From a technical point of view, remote sensing and GIS techniques are 
mainly used, supported by additional or complementary methods. The first level is 
concerned with the detection of glacial hazards and the application of remote sensing 
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information, image processing and analysis techniques, GIS-based terrain modeling, 
and to some extent, is supported by reports on historical events. A number of potential 
hazard locations can be identified by these means. The relevant hazards are then 
assessed in the second level, which encompasses the hazards related to the source, 
transit and runout zone. The spatial resolution of remote sensing data needs enhancing, 
but in practice, limitations are set by availability of data and financial resources. 
However, GIS-based models which simulate the effects of the hazardous process, and 
empirical models for process magnitude estimates, are applied. The scale level in this 
case might still be regional, but is often more limited. The assessment may eventually 
reveal critical situations which require detailed in-situ analyses at a local scale. 
Photogrammetric techniques, GIS- and physically-based models of processes, or 
ground-based techniques can be applied in such cases. Although the local scale and 
related methods is not a main subject of this study, certain references including 
potential applications are made.  
The thesis is divided in two main parts. Following this introduction, the first part 
includes a review of the scientific background. Thereby, the state of knowledge on 
different glacial hazard processes is presented by broadening the spectrum of 
processes focused on in the thesis. The range of remote sensing data and its 
significance for application in glacial and periglacial environments is emphasized. 
Current developments in physical, empirical, probabilistic and hydrological modeling, 
with particular reference to GIS approaches, conclude the review section. The main 
research results refer for the most part to findings which are more extensively treated 
in the papers which follow. Conclusions are mainly based on the present thesis 
whereas perspectives consider the general development, and identify both the potential 
of, and gaps in, glacial hazard research. 
The second part comprises five papers. The order of appearance is governed by 
the logic of content, not by chronology of paper submission or publication. The first 
paper defines a concept for glacial hazards consistent with wide spread approaches 
from other natural hazards. An assessment procedure for glacial hazards, 
predominantly based on empirics, is proposed for use in practical studies. The second 
paper deals with remote sensing-based techniques for detection and assessment of 
glacial lakes and related hazards. Based on this approach, the third paper develops or 
adapts different hydrological flow-routing models for regional assessment of lake 
outburst flood hazards. The influence of DEM quality and resolution including satellite 
data-derived DEMs on model performance are evaluated. The fourth paper is 
concerned with the modeling of potential ice avalanches, following a process of 
remote sensing-based detection, terrain modeling and flow trajectory simulation 
achieved within a GIS. The last paper incorporates the former modeling approaches in 
a synthesis in order to assess the potential process interactions of glacial hazards. It 
also includes automatic detection of potentially unstable, periglacial debris reservoirs 
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Fig. 1: Methodological structure of the study. 
 
1.4 Formal aspects of the thesis 
The first part of the thesis is written by the present author. The section on the 
scientific background aims at providing an overview of the research conducted 
elsewhere but reference to papers of this thesis is sporadically made. Main research 
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results reflect the most important findings of this study, which can generally also be 
found in the corresponding papers. Reference to other published work is made in this 
section where it supports understanding and clarity, and justifies the basis of new 
methods proposed. First author papers in the second part of the thesis are also entirely 
written by the present author. Contributions of varying degree have been made to these 
papers by the co-authors.  
The present thesis is a result of the project ‘Assessment of glacial hazards by 
knowledge-based fusion of remote sensing and GIS modeling’ (AGREG) funded by 
the Swiss National Science Foundation (project 21-59045.99). Research was 
conducted under supervision of the principal investigator A. Kääb, and W. Haeberli 
(both at the Department of Geography, University of Zurich); K. Seidel (Institute for 
Communication Technology, ETH Zurich) and B. Krummenacher (Geotest AG, 
Davos) were co-applicants of the project. Research presented in the third author paper 
was performed during a diploma thesis within the framework of this project, and thus 
fits well the scope of the thesis. Both, the second and the third authors of this paper 
acted as supervisors of the diploma thesis. 
 

2 Scientific background 
2.1 Types of hazards 
Glacier floods 
Generally, glacier floods represent the largest and most extensive glacial hazard, 
i.e., the hazard with the highest potential for disaster and damage (up to 102 mill. m3 
break-out volume and up to 104 m3/s runoff). Glacier floods (in the Himalayas often 
termed Glacier Lake Outburst Floods, GLOF) occur in most glacierized mountains of 
the world, e.g., in the Andes and in particular in Peru (Lliboutry et al., 1977; Reynolds, 
1992; Ames, 1998; Reynolds et al., 1998), in the Himalayas (Vuichard and 
Zimmermann, 1987; Yongjian and Jingshi, 1992; Watanabe et al., 1994; Hanisch et 
al., 1996; Yamada, 1998; Richardson and Reynolds, 2000), Central Asia (Popov, 
1997) and in North America (Clague and Evans, 1994, 2000; O'Connor et al., 2001). 
In Switzerland they represent a highly relevant hazard potential as shown by a number 
of specific detailed studies (e.g., Röthlisberger, 1981; Haeberli, 1983; Kääb and 
Haeberli, 1996; Vonder Mühll et al., 1996; Haeberli et al., 2001; Paper II). Glacier 
floods are triggered by the outburst of water reservoirs in, on, underneath and at the 
margin of glaciers (Haeberli, 1992a). Most reservoir types develop slowly and two of 
them can be identified at the surface, a precondition which favors the application of 
remote sensing techniques for monitoring glacial and periglacial lakes.  
Outbursts of ice-dammed lakes are usually caused by mechanisms of dam 
floatation, enlargement of subglacial drainage channels, or overspill (Clague and 
Mathews, 1973; Spring and Hutter, 1981; Clarke, 1982; Tweed and Russell, 1999). Ice 
dams, particularly when formed by ice avalanche deposits or by the fractured ice of 
surging glaciers, can also fail through a sudden break producing very high peak 
discharges (Haeberli, 1983; Mayo, 1988; Walder and Costa, 1996). Lakes dammed by 
cold ice with subglacial permafrost have also been observed draining by dam overflow 
(Maag, 1963; Clarke et al., 2003) Outbursts from moraine-dammed lakes can be 
triggered by overtopping, piping, slippage on steep slopes or a combination thereof, 
potentially initiated by an ice/snow jam (Costa, 1988; Costa and Schuster, 1988; 
Jackson et al., 1989; Haeberli, 1992a; Walder and O'Connor, 1997; Huggel et al., 
2003b). Bedrock-dammed lakes are commonly considered as safe from failure. 
However, impact waves from mass movements (e.g., ice avalanches, debris flows, 
rockfalls) can cause dam overtopping which then may trigger a flood or debris flow 
(Müller, 1995; Vischer and Hager, 1998; Clague and Evans, 2000).  
In the European Alps, recent events underline the current importance of glacial 
flood hazards: the partial outburst of Lake Weingarten on June, 25, 2001 triggered a 
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debris flow which severely damaged the village of Täsch, Valais (Huggel et al., 
2003b). The case shows that in the particularly steep and densely developed Alps even 
small outburst floods can pose serious hazards. At Belvedere glacier, Monte Rosa, 
Italy, a supraglacial lake of more than 3 mill. m3 of water formed during spring and 
summer 2002 endangering numerous tourist facilities and the village of Macugnaga 
(Kääb et al., 2003a, 2004; Tamburini et al., 2003; Fig. 2). After being reformed in 
spring 2003, the lake experienced a subglacial outburst with a comparatively moderate 
discharge in June 2003. Growth of a large supraglacial lake in the Alps is exceptional 
or unique (whereas they are common phenomena in the Himalayas, Reynolds, 2000). 
The Belvedere case has shown that glacial hazards may evolve unexpectedly and 
surpass historical experience, and that such hazards can intensify dramatically within 





Fig. 2: Belvedere glacier, Monte Rosa massif (Italy), with supraglacial ‘Lago Effimero’ 
on June 11, 2003, with a volume of ca. 2.5 mill. m3 of water, a few days before the 
subglacial outburst. Note the avalanche deposits at the lower right end of the photo, 
and the elevated ice surface in relation to the lateral moraines (photo: M. Chiarle). 
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Ice avalanches 
In contrast to glacier floods, whose effects are far-reaching, ice avalanches and the 
damage they cause are generally restricted to densely populated high-mountain 
regions, especially in the Alps (Röthlisberger, 1981; Alean, 1984, 1985a; Fig. 3). 
Nevertheless, in combination with other glacial hazards, ice avalanches can cause 
large-scale disasters. Ice avalanches are often triggered by breaking-off of ice from 
small and steep glaciers (Alean, 1985a). The stability of such hanging glaciers is 
especially critical at altitudes and expositions where the firn is at the melting point due 
to percolating water (Haeberli et al., 1999; Haeberli and Burn, 2002). In such cases, 
the vertical ice front of a hanging glacier typically consists of cold ice frozen to the 
underlying bedrock, which prevents failures of the ice mass. In fact, the geometry and 
thermal condition of the ice front is likely to be a key factor in the control of the 
stability of hanging glaciers (Lüthi, 1994; Haeberli et al. 1999). Disturbance of the 
equilibrium, e.g., by variations in firn accumulation or an increase in air temperature 
and melt water (possibly induced by climate change) may lead to hanging glaciers 
which are prone to failure.  
Swiss glaciology traditionally plays a strong role in research and experience 
related to ice avalanches, since Switzerland is particularly vulnerable to such hazards. 
For this reason, detailed investigations of steep glaciers have been carried out in 
Switzerland (e.g., Alean, 1985b; VAW, 1992; Lüthi and Funk, 1997; Margreth and 
Funk, 1999) partially accompanied by large-scale monitoring based on aerial 
photography (Kääb, 1996a, 1999; Haeberli et al., 1999). Worldwide, it is mainly the 
major ice avalanche catastrophes that draw public attention. In Peru, an ice avalanche 
linked with an earthquake-induced rock avalanche from Nevado de Huascarán in 1970 
resulted in a mass movement killing about 20,000 people. On September 2002, a 
combined rock/ice avalanche in the Kolka region, Northern Caucasus, Russia, caused 
massive destruction and the death of approx. 140 people (Kääb et al., 2003a).  
 
Glacier advance and retreat 
The direct risk posed by advancing and retreating glaciers is the potential danger 
to mountain infrastructures and installations (Haeberli, 1992b; Haeberli et al., 2002b). 
Historically, glacier advances have been a major threat to forested and agricultural 
land in densely populated mountains (Tufnell 1984; Grove, 1987). Furthermore, 
advancing glaciers have repeatedly given rise to the formation of ice-dammed lakes 
with subsequent dam failure (Bruce et al., 1987; Mayo, 1988; Yamada and Sharma, 
1993). At present, glaciers are predominantly in retreat (Dyurgerov, 2002). Hazards 
may thus evolve from destabilization of steep rock slopes, exposure and potential 
erosion of large debris reservoirs, formation of ice- and moraine-dammed lakes, or 
change in glacier geometry with possible new formation or increase in ice avalanche 
activity (Costa and O'Connor, 1993; Evans and Clague, 1994; Haeberli et al., 1997). 
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Moreover, glacier length variations are of interest in connection with the operation of 
artificial reservoir lakes (Vischer, 1979; VAW, 1997). Prediction of glacier behavior 
depends on the availability of quantitative information. For unmeasured glaciers, some 
clues to the behavior over the next few years can be uncovered by visual inspection 
(Müller, 1988; Alean 1984). For roughly parameterized glaciers, the future behavior 
may be estimated from the dynamic response time based on continuity considerations 
(Haeberli and Hoelzle, 1995; Hoelzle et al., 2003; Huggel et al., 2003a). Flow models 
using the full set of momentum equations have recently confirmed the reliability of 





Fig. 3: Deposits from the ice avalanche on the Roseg glacier (July 15, 2003) with an 
estimated volume of 380,000 m3. The starting zone is located at ca. 2850 m a.s.l. on 
the lower right corner of the image, Coaz alpine hut is on the lower left image side 
(photo: M. Widmer). 
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Periglacial debris flows 
In combination with retreating glaciers, large and steep reservoirs of loose 
sediment (mainly of morainic origin) can become exposed and then represent a 
potential source of debris flows. Analysis of the numerous debris-flow events in the 
Swiss Alps in 1987 (Fig. 4) has shown that about 50% of all events (with volumes 
larger than 1000 m3) originated in areas of loose sediment which have been uncovered 
in connection with the glacier retreat since 1850 (Zimmermann and Haeberli, 1992). 
Periglacial debris flows are not only released from glacial forefields but also from 
marginal permafrost sites, from the scree of debris cones and rock-glacier fronts. 
Permafrost strongly influences the stability and hydrology of steep debris slopes, since 
permanently frozen material acts as a barrier to groundwater percolation and can imply 
local saturation within the non-frozen debris (Zimmermann and Haeberli, 1992). 
Permafrost thawing in non-consolidated material leads to a loss of cohesion and 
increase in pore water pressure. Together with water-saturated fine material and 
formation of caverns originating from the disappearance of massive ground ice bodies, 
steep slopes may thus become highly susceptible to landslides and debris flows 
(Haeberli and Burn, 2002). Debris-flow volume of such disintegrated debris slopes 
might exceed historical parallels (Zimmermann et al., 1997a). Trigger mechanisms can 
be related to strong precipitation, intense snow/ice melt, or remain unclear (Haeberli et 
al., 1991; Rickenmann and Zimmermann, 1993; Lugon et al., 1999).  
Once a debris flow from a periglacial zone has formed, the processes are 
comparable to those of a debris flow originating from a glacial lake outburst. Though 
considerable progress has been made in recent years in the physical and numerical 
modeling of debris flow dynamics (Iverson, 1997; Takahashi, 2000; Armanini et al., 
2003; Takahashi et al., 2003), process understanding remains limited. In practice, 
empirical studies and derived relations on trigger conditions or flow parameters are 




18  Scientific background 
 
 
Fig. 4: One of the major flood disasters in the Swiss Alps in 1987 was related to a 
periglacial debris flow from the Varuna valley (southern Swiss Alps). The debris flow 
started from a talus slope below Varuna glacier (left image, indicated by circle), 
damaged the settlement of Privilasco by sediment deposition on the fan (right 
image), and finally dammed the main river valley. Subsequent flooding caused 
severe damages of about EUR 30 mill. in the city of Poschiavo (photos: W. Haeberli). 
 
Rockfall 
In glacial and periglacial environments, the significance of rockfall relates to the 
interaction with glacier retreat and permafrost changes, combined events with ice 
avalanches, and enlarged runout on glacier and snow surfaces. Glacier retreat may 
induce changes in the stress field in rock walls, leading to destabilization processes 
(Wegmann et al., 1998; Kääb, 2000). The influence of permafrost on rock wall 
destabilization is yet a very young field of research, but recent studies on the thermal 
conditions of rockfall starting zones confirm the importance of permafrost (Haeberli et 
al., 2003; Nötzli et al., 2003; Fig. 5). Permafrost degradation may cause changes in 
hydraulic conductivity involving the onset of convective heat transfer and pore-water 
pressure variations (Haeberli et al., 1997). Shear laboratory tests have shown that a rise 
in ground temperature may result in a reduction of the shear capacity of ice-bonded 
discontinuities and eventually in a decrease in slope stability (Davies et al., 2001). 
Given the appropriate local temperature regime, retreat of temperate glaciers enables 
formation of permafrost (Kneisel, 2003). Penetration of the freezing front into 
previously unfrozen material potentially intensifies rock destruction through ice 
formation in cracks and fissures, and affects hydraulic pressures inside the fissured 
rocks (Haeberli and Burn, 2002).  
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Fig. 5: Rockfall at the southwest face of the Matterhorn in August 2003, at about 
3800 m a.s.l. near Carrel alpine hut. The event is one out of a rockfall series in the 
extraordinarily hot summer 2003, originating in permafrost areas (photo: L. Trucco). 
 
Documented cases of rock avalanches in the Alps, as well as in North and South 
America indicate that their travel distances are extended in glacial environments 
(Porter and Orombelli, 1981; Evans and Clague, 1988; Dutto and Mortara, 1991; 
Bottino et al., 2003; Nötzli, 2003). This is supposed to be due to travel on low-friction 
snow/ice surfaces, fluidization by snow/ice melting, generation of basal pore pressure 
by frictional heating, and channeling or air launching by moraines (Evans and Clague, 
1988). Rock avalanches impacting on glaciers have furthermore the potential to 
strongly increase their volume by ice and snow entrainment (e.g., Brenva 1997: Barla 
et al., 2000; Kolka 2002: Kääb et al., 2003a).  
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Glacier-clad volcanoes 
On a global level, glacier-clad volcanoes represent a further major glacier-related 
hazard. For instance, lahars (volcanogenic debris flows) can impact downstream areas 
at a distance of more than 100 km (Major and Newhall, 1989; Williams, 1990). The 
investigation of glacier-clad volcanoes was intensified and reinforced following the 
eruption of Mount St. Helens (Washington, USA: Lipman and Mullinaux, 1981) in 





Fig. 6: Eruption of Popocatépetl volcano, central Mexico, with ash fallout on 
Ventorillo/Noroccidental glacier (marked by circle, photo: A. Boneta).  
 
In the case of Mt. St. Helens, glaciers have been found to react more elastically on 
long-term deformation than bedrock (Brugman and Post, 1981). Further studies also 
showed significant influence of ash cover on glacier mass balance and thus glacier 
changes (Brugmann and Post, 1981). Eruption from the Nevado del Ruiz with a series 
of pyroclastic flows and surges melted parts of the summit ice cap and triggered large 
lahars having a total volume of about 9 x 107 m3 (Pierson et al., 1990; Thouret, 1990). 
More than 20,000 people lost their lives in the downstream areas.  
Still, there are considerable gaps in the understanding of such hazards and related 
processes. In Mexico, a monitoring program has been focusing recently on the glaciers 
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of Popocatépetl volcano since a new eruptive phase has been reached (Delgado and 
Brugman, 1995; Fig. 6). Glaciers have been affected strongly by volcanic activity 
(Huggel and Delgado, 2000). Assessments of corresponding hazards have been made 
but dangerous or inhibited access conditions and the complexity of processes involved 
make them a special challenge (Julio and Delgado, 2003). 
 
Process interactions 
Combinations and interactions between different hazard types can be highly 
hazardous (Kääb et al., 2003a; Haeberli et al., in press). In fact, many of the largest 
known glacier catastrophes featured hazard combinations and/or process chains 
(Lliboutry et al., 1977; Plafker and Erickson, 1978; Körner, 1983; Röthlisberger, 1981; 
Richardson and Reynolds, 2000). The most recent cases of Belvedere glacier, Italy, 
and the Kolka/Karmadon rock/ice avalanche, Northern Caucasus, have stressed the 
importance and the complexity of process combinations (Haeberli et al., 2002b, c; 
Kääb et al., 2003a).  
On Belvedere Glacier, the surge-type glacier movement with probably high water 
pressure was likely the precondition for the formation of a large supraglacial lake in 
summer 2002 (Fig. 2, Haeberli et al., 2002b). For the definition of outburst scenarios, 
a variety of process combinations had to be assessed: ice- or rockfall reaching the lake, 
strong precipitation or snow-/ice-melt as outburst trigger processes; overflow or 
subglacial drainage as outburst mechanisms; breaching of lateral moraines, sediment 
entrainment and debris flow formation, temporary blockage of discharge by the glacier 
front, flooding and temporary blockage of discharge in the village of Macugnaga as 
downstream effects (Kääb et al., 2004). Advance assessment of potential process 
combinations is fundamental but complex and often requires a high interdisciplinary 
effort by different groups of experts.  
At Kolka/Karmadon, a large rock failure in the order of about 4 mill. m3 entrained 
an approximately equal volume of ice from hanging glaciers (Haeberli et al., 2003; 
Huggel et al., 2003c). The impact of the mass on Kolka glacier led to the erosion of ca. 
80 mill. m3 of ice and debris (Fig. 7). The resulting mass movement traveled for 18 km 
and was dammed and partly reflected at the entrance of Genaldon gorge. Considerable 
amounts of water and fine debris continued for another 15 km in the form of a 
mudflow (Kääb et al., 2003a). After the disaster, the avalanche deposits of ca. 110 
mill. m3 of ice and debris began to dam several lakes, one of them in the order of 5 
mill. m3 (Huggel et al., 2003c). Process combinations relate here also to the 
transformation of mass movements during their downstream course (rock and ice 
avalanche, debris flow, mudflow). Subsequent hazards may occur in time periods of 
seconds to minutes, such as for instance with an ice avalanche into a lake resulting in 
an impact wave and lake dam overtopping or failure. For subsequent hazards such as 
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damming of a lake by avalanche deposits or advancing/surging glaciers, the 




Fig. 7: Erosive traces of the 100 mill. m3 Kolka rock/ice avalanche in the northern 
Caucasus, Russia (September 20, 2002). A rock instability at the Dzhimarai-khokh 
northeast face (at the back) entrained hanging glaciers. The mass impacted and 
massively eroded Kolka glacier crossed the tongue of Maili glacier (left) and traveled 
down the Genaldon valley (photo: I. Galushkin). 
 
2.2 Remote sensing techniques for glacial hazard detection 
Remote sensing data can be divided into categories with spectral, spatial, 
radiometric and temporal characteristics, and resolution.  
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Spectral domain 
Several studies have demonstrated the suitability of multispectral satellite data for 
glacier mapping (Rott, 1976; Hall and Martinec, 1985; Williams, 1987; Jacobs et al., 
1997). Segmentation of ratio images (e.g., Landsat-TM channel 4 by 5) has proved to 
be a robust mapping method for firn and clean glacier ice (Bayr et al., 1994; Hall et al., 
1988; Williams et al., 1991; Paul, 2002; Paul et al., 2002). Difficulties arise in 
connection with debris-covered parts of a glacier or steep glaciers in shadow (Bishop 
et al., 2000; Paul et al., 2004). To a much lesser degree, spectral properties have been 
used to detect certain features of the glacial and periglacial environment. An early 
study was concerned with lake outbursts in the Himalayas based on Landsat MSS data 
(Buchroithner et al., 1982; see also Buchroithner et al., 1991). More recently, Wessels 
et al. (2002) derived glacier lake properties from ASTER multispectral data in the 
Himalayas. Bishop et al. (1995) developed a method for estimating debris loads on 
glaciers. Thermal infrared ASTER channels were used to detect glacier ice partly 
covered by debris (Taschner and Ranzi, 2002). Air- and space-borne data in the 
microwave range of the electromagnetic spectrum have been used mainly for 
glaciological applications in the Arctic and the Antarctica (e.g., Bindschadler and 
Rignot, 2001) and occasionally also for mountain glaciers (Nagler et al., 2002). A few 
SAR-based studies still exist on mass movements in high-mountain regions (Rott and 
Siegel, 1999; Kääb, in press). 
 
Spatial domain 
While the spectral information used mainly determines the separability of 
different features, the spatial dimension of remote sensing data refers to the 
corresponding mapping scale and accuracy. For mountainous environments, 
reasonable applications started at about 80 m ground resolution (Landsat-MSS; 
Williams, 1987) and extended, along with technical sensor improvements, to 30 m 
(Landsat-TM, Williams and Hall, 1993; Paul, 2002), 20 m (SPOT-XS, Bishop et al., 
1995), 15 m (ASTER, Kieffer et al., 2000; Paul et al., 2002, Kääb et al., 2003b) and 5 
m (IRS-Pan, Paul et al., 2003). Aerial photography in the range of 1 m ground 
resolution or better has also been widely used for detailed studies on glacier area and 
elevation change (e.g., Würländer and Eder, 1998; Kääb and Funk, 1999; Baltsavias et 
al., 2001), surface displacements (Kääb, 2002), and sporadically for glacier-related 
hazards (Kääb, 1996, Haeberli et al., 1999; Kääb et al., 2000a, b). Recent advances in 
commercial space-borne sensor technology have prompted the advent of satellite 
systems with spatial resolution comparable to that of aerial photographs (Goward et 
al., 2003). Specifically, IKONOS and QuickBird reach a ground resolution of 1 m and 
0.6 m, respectively. Initial tests have been performed for glacier mapping (Paul et al., 
2003). Relevant applications in the field of glacier hazards are still scarce but the 
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potential of such data in this particular area is generally regarded as high (Huggel et al. 
2003c; Kääb et al., 2003b; Paper V).  
Most recently, SPOT-5, in operation since early 2003, provides panchromatic 
imagery with 2.5 or 5 m spatial resolution, and multispectral imagery with 10 m (2 
visible and 1 near-infrared channels) and 20 m (1 short wave infrared channel). Swath 
width of 60 km is much larger than with IKONOS or QuickBird. In addition, SPOT-5 
has a simultaneous stereo-viewing sensor similar to ASTER, which allows DEM 
generation with an elevation accuracy < 10 m (mean error, Spotimage, 2003). In 
consideration of the lower price per km2 compared to IKONOS or QuickBird (cf. Fig. 





Fig. 8: Remote sensing imagery reflecting different spatial and temporal 
characteristics documenting the rapid growth of a glacial lake at the tongue of Trift 
glacier, central Swiss Alps. The collapse of the Trift glacier tongue was particularly 
accelerated by the very high temperatures in summer 2003. For safety reasons, the 
rapidly growing lake is under permanent observation. From upper left to lower right: 
Landsat-TM, 30 m, bands 4,3,2 (1999, cloud shadows on the glacier should not be 
mistaken for surface water), IKONOS, 1 m, panchromatic (2000), ASTER, 15 m, 
bands 3,2,1 (2001), Landsat-TM, 30 m, bands 4,3,2 (2003) (© Space Imaging, 
Eurimage).  
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Radiometric domain 
Radiometric resolution refers to the amount of radiometric information which can 
be differentiated in a certain spectral band, i.e., the number of grey values (or digital 
numbers, DN) in this band. The radiometry of a sensor system is an important factor in 
determining which surface objects can be discriminated. In high-mountain 
environments, illumination and surface reflectance are highly variable, for instance, in 
cast shadow areas with very low illumination or snow/firn with uniform and very high 
reflectance. Therefore, radiometric properties are of strong interest in relation to high-
mountain remote sensing applications. Optical sensor systems such as Landsat-TM 
have usually operated in 8 bit mode (256 grey values). Recent sensors, namely 
IKONOS and QuickBird, have an improved radiometric resolution of 11 bit 
(hyperspectral sensors commonly have ≥ 12 bits), which underlines their potential for 
studies in high mountains. Furthermore, ASTER has sensor capabilities which allow 
the radiometry to be adjusted specifically to surface reflectance of glaciers (Kieffer el 
al., 2000; Kääb, 2002). 
Temporal domain 
The temporal resolution of a sensor is important for hazard studies in general 
(Canty and Schlittenhardt, 2001), and of high interest for glacial hazards in particular. 
The capabilities of a sensor system for monitoring purposes depend on its temporal 
resolution and the type of hazard. In rough terms, the spatial and temporal resolution is 
inversely proportional for most space-borne sensors (Fig. 8). Systems with very high 
temporal resolution (e.g., Meteosat, NOAA-AVHRR) are usually not applicable to 
high-mountain hazard studies due to the low spatial resolution. Sensors with better 
spatial resolution (e.g., Landsat-TM, ASTER, IRS) have repeat cycles of about 16 
days. Some of them (e.g., ASTER) can be pointed to areas of interest on special 
request and thus reduce the repeat cycle to about 2-3 days. New commercial sensors 
with very high spatial resolution (e.g., IKONOS, QuickBird) do record on request as 
well but at high costs (Dial et al., 2003). Use of sensor systems for glacial hazard 
applications according to typical time scales involved can be derived from Table 1. It 
should be stressed, however, that not every satellite repeat cycle provides useful 
images due to limitations of optical sensors in the case of adverse atmospheric 
conditions (e.g., cloud cover), and, particularly, in high mountains due to seasonal 
variations (e.g., snow cover).  
The analysis of multitemporal remote sensing data, often performed within change 
detection studies, has repeatedly been applied in glaciology, for instance for the 
mapping of glacier fluctuations (Paul, 2002). It has been used much less, however, for 
glacier-related hazards. Monitoring of glacial lakes is an application area where 
change detection methods are of strong interest (Huggel, 1998; Silverio and Jacquet, 
2003; Kääb et al., 2003b, Paper II). 
 




Fig. 9: Selection of optical sensors arranged by spatial and temporal resolution, and 
costs of image acquisition (information from Kramer, 2002; Spotimage, 2003). 
 
For relatively simple applications, analysis of just one of the above-mentioned 
remote sensing data domains (e.g., spectral) may be reasonable and straightforward. In 
more complex environments, however, it has been shown that multi- or 
hyperdimensional analysis can largely improve the results (Peddle et al., 1994; 
Benediktsson and Kanellopoulos, 1999; Bruzzone et al., 1999; Hellwich, 1999; Kääb, 
in press). In high-mountain environments, characterized by high relief energy, 
detection and classification of terrain objects can be facilitated by integration of digital 
terrain information (DEM). Recent studies indicate a considerable potential for such 
combined approaches in high-mountain areas (Salzmann, 2002; Kääb, 2002; Paul et 
al., 2004; Paper V). In particular, the possibility to derive DEM data from the stereo 
image bands of ASTER is increasingly being put into practice for glacier-related 
research (Kääb, 2002; Zollinger et al., 2004; Paper IV). 
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Type of hazard Typical time periods 
involved 
Examples of studies 
Glacial lake Moraine-dammed lakes: 
formation: years;  
trigger and outburst: days to 
minutes. 
 
Ice-dammed lakes:  
formation: often seasonal 
cycles;  
trigger and outburst: days. 
Monitoring of ice-dammed 
lakes (Kääb et al., 2003a; 
Paper II). 
Ice avalanche Evolution of disposition:  
years to seasons;  
acceleration of ice mass over 
weeks and days before failure; 
smaller events continuous. 
Monitoring of hanging 
glaciers (Kääb, 1996; Paper 
IV);  
ground-based remote 
observations (Wegmann et al., 
2003). 
Debris flow Build-up of source zones: 
decades to years;  
rainfall-related trigger and 
flow formation:  
hours to minutes. 
Monitoring of rainfall for 
debris flow triggering 
(Wieczorek et al., 2003); 
source zone monitoring 
(Paper V);  
landslide motion (Yamaguchi 
et al., 2003). 
Rock slope instability Slowly accelerating rock 
masses:  
years to months;  
immediate failure:  
days to hours 
Space-borne remote sensing 
only for long-term monitoring 
(Strozzi et al., 2003);  
ground-based remote 
observations (Wegmann et al., 
2003). 
Glacier-clad volcanoes Immediate eruptive events: 
weeks to days;  
related glacier mass changes: 
years to season. 
Degassing and thermal 
monitoring, morphologic 
deformations (Harris et al., 
2002; Wallace et al., 2003); 
related glacier monitoring 
(Huggel and Delgado, 2000; 
Julio and Delgado, 2003). 
 
Table 1: Different hazard types, relevant time periods and examples of related 
remote sensing-based monitoring studies. 
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2.3 Modeling approaches 
Processes involved in glacial hazards have been described by empirical, physical, 
probabilistic, and in addition, by hydrological models. The following section refers to 
pertinent achievements relevant to glacial hazards.  
 
Empirical models 
A large number of glacial lake outburst events and subsequent debris flows have 
been analyzed, mainly from the European Alps and North America (Haeberli, 1983; 
Costa and Schuster, 1988; Clague and Evans, 1994, 2000). Based on this empirical 
data, relations and parameters for estimates of respective hazards have been derived. 
Some of the parameters addressed concern maximum discharge of lake outbursts 
(Haeberli, 1983; Evans, 1986; Walder and Costa, 1996), amount of sediment erosion 
in the flow trajectory, flow depth and flow velocity of debris flows (Hungr et al., 1984; 
Haeberli et al., 1991; Rickenmann and Zimmermann, 1993; Rickenmann, 1999), 
starting volume of ice avalanches, or travel distance of lake outbursts, ice avalanches 
and rockfall (Scheidegger, 1973; Haeberli, 1983; Alean, 1985a, b; Evans and Clague, 
1988; Pierson, 1995; Keylock and Domaas, 1999). For practical and safety reasons, 
hazards are often assessed using maximum estimates of process magnitude and impact 
(Haeberli et al., 1989; Huggel et al., 2003a). 
 
Physical models  
An increasing number of studies have been dedicated to the description of the 
physical processes of debris flows and rockfall. Other studies have investigated the 
physics of catastrophic subglacial lake drainage, but few have dealt with the processes 
of moraine-dam failures and very few with those of ice avalanches. The episodic 
nature and large magnitude of these processes hamper the collection of detailed data. 
Scientific experience has hence been gained from qualitative field observations and 
experiments and models (Davies, 1988; Iverson, 1997). Nevertheless, the physical 
process understanding remains limited for most processes. 
Spring and Hutter (1981), Clarke (1982), Walder and Costa (1996) and others 
have developed physical models of catastrophic drainage of ice-dammed lakes. 
Moraine breaching mechanisms were addressed by Walder and O'Connor (1997) 
based on findings from dam break models for artificial and natural dams (Fread, 1991; 
Faeh, 1996; Vischer and Hager, 1998). Theoretical efforts have been undertaken to 
describe different aspects of debris flows, such as mechanics or rheology, by physical 
laws (Takahashi, 1978; Chen, 1988; Iverson, 1997, 2003; Bozhinskiy and Nazarov, 
2000; Takahashi, 2000; Armanini et al., 2003). Models have been applied for 
particular case studies replicating reasonably well the flow characteristics by trial-and-
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error calibration of model parameters. Problems arise, however, when a reliable way 
must be found to anticipate the processes in previously untested conditions (Pierson, 
1995). 
Research on physical aspects of ice avalanches has concentrated on the failure 
process where an asymptotical acceleration of the failure mass was found 
(Röthlisberger, 1977; Wegmann et al., 2003). Dynamics of ice avalanches have not 
been studied thoroughly. On some occasions, 2-parameter snow avalanche models 
have been adapted (Alean, 1985a; Margreth and Funk, 1999). Most recently, efforts 
have been reinforced to model mechanics of failure in more detail, based on a damage 
mechanics approach (Lüthi et al., 2003; Pralong et al., 2003). 
 
Probabilistic models 
Statistical or probabilistic models have been applied widely for flood assessment 
studies (Hundecha et al., 2001). For mountain hazards, probabilistic models have been 
used to address snow avalanche and rockfall problems, and slope instability (Mostyn 
and Li, 1993). For example, several studies focused on probabilistic analysis for snow 
avalanche release and hazard zoning (e.g., Harbitz et al., 2001). Furthermore, 
uncertainties involved in avalanche hazard mapping were assessed on the basis of 
statistical models such as Monte Carlo simulations (Barbolini and Savi, 2001). For 
glacial hazards, corresponding applications are largely lacking, mainly due to the 
scarcity of statistical information.  
 
Hydrological models 
Mass movements related to glacial hazards are basically gravity-driven flows and 
can, in principle, be described by hydrological flow-routing models. A variety of flow-
routing algorithms has been proposed, and theoretical advantages and disadvantages 
for different applications were discussed (Desmet and Govers, 1996; Garbrecht and 
Martz, 1997; Tarboton, 1997; Meissl, 1998; Liang and Mackay, 2000; Dorren, 2003). 
Recently, these routing algorithms have been used to model ice avalanche trajectories 
(Salzmann, 2002; Papers IV, V), rockfall from permafrost areas traveling on glacier 
surfaces (Nötzli, 2003), and debris flows from glacial lake outbursts and from 
periglacial debris zones (Huggel et al., 2003b; Papers III, V). Further hydrological 
models calculated the spatial distribution of water accumulation and provided 
measures for saturated surface drainage (Beven and Kirkby, 1979; Quinn et al., 1997). 
Some of these models were incorporated into debris flow and lake outburst models 
(Heinimann et al., 1998; Huggel et al., 2003b; Paper III). 
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GIS and combined approaches 
A GIS is most suitable for handling spatial data from various sources, such as 
remote sensing-derived data. The ability of a GIS to represent surface and subsurface 
characteristics including digital terrain enables modeling of spatial susceptibility to 
hazard processses, such as debris flows (Mani, 1995; Heinimann et al., 1998), ice 
avalanches (Salzmann, 2002), snow avalanches (Maggioni and Gruber, 2003) and 
rockfall (Krummenacher, 1995; Krummenacher and Keusen, 1997; Meissl, 1998; 
Dorren and Seijmonsbergen, 2003), based on physical, mathematical, hydrological or 
empirical concepts. Thanks to the implementation of important hydrological 
algorithms in current GIS environments, gravity-driven process modeling has been 
achieved within GIS (Hegg and Kienholz, 1995; Meissl, 2001; Fuchs et al., 2001; 
Salzmann, 2002; Huggel et al., 2003b; Nötzli, 2003; Dorren and Seijmonsbergen, 
2003). Similar procedures have been applied to calculate runout distances of ice 
avalanches (Salzmann, 2002), lake outbursts (Huggel et al., 2003b, Paper III) or 
rockfall (Van Dijeke and van Westen, 1990; Meissl, 1998). 
Furthermore, a GIS has been used as a platform for integration of different 
process-based models (Heywood et al., 1994). For debris flows, for example, 
hydrological and probabilistic models (Gamma, 2000) or hydrological and empirical 
models (Huggel et al., 2003b, c) have been combined, whereas different hydrological 
and mechanical models have been integrated by a GIS in the case of landslides (Miller 
and Sias, 1998).  
3 Main research results 
3.1 Concepts of glacial hazard assessments  
Hazard assessments are increasingly embedded in a broader framework of risk 
assessment, which is briefly summarized here. The term risk is used in a wide range of 
applications in reference to daily life, and in a regulatory, or scientific context, etc. 
Thus, the terminology is not yet employed in a consistent way (Fell, 1994; Bachmann 
and Allgöwer, 2001) and its use can vary on international as well as on national levels. 
In this work, the terminology common to natural hazard applications is used although 
even here there is a considerable degree of confusion as well. In this context, risk is 
defined as hazard (probability) and damage potential (Fell, 1994; Chowdhury, 1996). 
The Swiss national agencies concerned with natural hazards have been working for 
years now on risk assessment strategies, and, therefore, the risk and risk-related 
terminology used here is based on concepts issued in Switzerland (e.g., Heinimann et 
al., 1998, 1999). This may, however, imply some linguistic inconsistencies with the 
English. The assignment of a certain action to a certain risk aspect as presented in the 
following may be defined differently in other works. However, the aim of this 
paragraph is not an extensive clarification of risk terminology, but just an indication of 
the broader framework into which the current study fits. 
A risk assessment includes the components of risk analysis and risk evaluation, 
and leads eventually to risk management (Fig. 10). Hazard analysis and assessment are 
part of a risk analysis. Whereas a difference between hazard detection and hazard 
assessment (in the sense of evaluation) is made in Figure 10, less strictly generic 
approaches relate both methods to the term 'assessment'. According to the above 
definition, risk analysis includes an estimate of the damage potential involved. Risk 
evaluation distracts from natural or engineering science-based methods and involves 
numerous political, social and economic aspects. Both, risk analysis and evaluation, 
lead ideally to risk management, which has been defined as a cycle of prevention, 
intervention and recovery (Ammann, 2003; Kienholz et al., in press). 
This study mainly deals with hazard detection and assessment. Hazard 
documentation has also been addressed during the project work on this thesis (Huggel 
et al., 2000). Historical glacier-related catastrophes have been compiled in a web-
based online database which is continuously updated (accessible at 
'www.glacierhazards.ch', cf. Huggel et al., 2002; further documentation is available in 
printed form by Raymond et al., 2003).  
A clear definition of ‘hazard’ is a prerequisite for dealing with natural hazard 
assessment or evaluation. Definitions of hazard imply (1) the physical process 
involved, (2) the magnitude of the event, and/or (3) the probability of occurrence 
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(Ragozin, 1994; Leroi, 1996; Lateltin, 1997, Heinimann, 1998). Mathematically, 
hazard can be defined as the magnitude multiplied by the probability of occurrence 
(Fell, 1994). Probability of occurrence is usually derived from the frequency or 
recurrence period of an event (Van Steijn, 1996; Zimmermann et al., 1997b). 
Magnitude and frequency generally conform to a negative nonlinear relationship 
(Hungr, 1997; Liu and Lei, 2003), the frequency of occurrence decreasing as the 
magnitude of the event increases. Whilst true for most hydrologically-driven hazards, 






Fig. 10: Schematic diagram of risk and hazard assessment and management 
(synthesized from Kienholz, 1995; Lateltin, 1997; Heinimann et al., 1998, 1999; 
Ammann, 2003). The dashed frame relates to issues presented in this study. 
 
In this context, glacial hazards fundamentally differ from hydrologically-driven 
hazards in two respects: (1) The glacial system changes within time periods shorter 
than those needed to derive frequency characteristics. (2) While glacial hazards usually 
have low to very low frequencies and high magnitudes, a negative relationship 
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between magnitude and frequency usually does not apply (Paper I). This rather general 
statement should be further described according to frequency characteristics of 
different glacial hazard types. A distinction is made between events that occur (a) only 
once, (b) for the first time, and (c) repeatedly (Paper I). Frequency-magnitude 
relationships fail for events that occur only once or for the first time due to missing 
data and experience. Examples of events which occur only once are, for instance, 
moraine-dammed lake failures involving full dam breach (Haeberli et al., 1989, 
Teysseire, 1999; Paper II). Events that occur for the first time are often related to a 
system change, e.g., induced by climate change. Examples of this are new formation 
and outburst of glacial lakes (Richardson and Reynolds, 2000; Kääb et al., 2003a), or 
ice avalanches resulting from new glacier geometries (Salzmann, 2002; Paper IV). 
Events that show repeat cycles can potentially be assessed by frequency-magnitude 
relationships but corresponding applications for glacial hazards have not yet been 
established. Among glacial and high-mountain hazards, such events include small to 
moderate ice avalanches typically from cliff-type glaciers (Röthlisberger, 1987); ice-
dammed lakes with characteristic filling and draining cycles (Tweed and Russell, 
1999); rainfall-related debris flows (Fan et al., 2003); and rockfall from notoriously 
unstable rock. Exceptionally large glacial catastrophes should be considered as well 
(e.g., Huascarán, Körner, 1983; Nevado del Ruíz, Thouret, 1990; Kolka, Kääb et al., 
2003a), since there is usually not sufficient data available to establish a reliable 
frequency-magnitude relationship, making those events difficult to evaluate (Paper I). 
Rigorous methods for evaluating glacial hazards are hardly available though general 
concepts on how to assess natural hazards (floods, mass movements) have been issued, 
e.g., by responsible Swiss government agencies (Lateltin, 1997). In view of the need of 
consistent methods to specifically assess glacial hazards, the following assessment 
approach for glacial hazards is proposed here (Paper I). 
 
(A) Assessment of magnitude: 
Magnitude is viewed in terms of (1) the probable maximum discharge (for lake 
outbursts) (2) the probable maximum volume (for avalanches or debris flows), and (3) 
the probable maximum runout distance for a certain scenario (often a worst-case 
scenario). Consideration of event processes is implicit within the assessment of 
magnitude. Assessment of probable maxima can also be referred to as 'worst-case' 
estimates. However, for a specific case in practice which may not involve a large 
catastrophe, realistic estimates are often needed. The emphasis is thus on probable 
maximum magnitudes allowing reasonable estimates based on empirical or physical 
models under given conditions, and thus facilitating planning of mitigation or 
prevention measures. Experience has shown furthermore that the elaboration of 
scenarios corresponding to different magnitudes is a practical tool for planning.  
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(B) Probability of occurrence: 
It is a difficult task to determine the probability of occurrence for lake outbursts 
and ice avalanches. Fell (1994) stated that for practical reasons it is better to assign a 
probability even if approximate and subjective, than not to assign one at all. Adopting 
this view for glacial hazards is necessary as decision-makers need a probability in 
order to plan, design and construct mitigation measures. A method is therefore 
proposed based on different criteria which are rated qualitatively and analyzed in order 
to provide a qualitative probability of occurrence (Paper I). While this seems a feasible 
method with further exploitation potential for glacial lake hazards, ice avalanche 
hazards pose many more problems for dealing with making the corresponding 
estimates. Rockfall or landslides, for instance, can pose similar difficulties to derive a 
probability of occurrence as ice avalanche hazards.  
 
Results of the approach proposed here fit into general concepts of natural hazard 
assessment issued by Swiss government agencies. The reference is thereby the so-
called 3 by 3 schematic diagram which distinguishes an intensity and a probability 
axis, each with three different qualitative levels (low-medium-high) (Lateltin, 1997; 
Loat and Petrascheck, 1997). The schematic is the basis for determination and 
delineation of hazard zones in Switzerland (red, blue, yellow) depending on how the 
respective hazard is rated in the diagram. Hence, the resulting hazard estimation based 
on the approach proposed here for glacial hazards can ultimately be used for 
delineation of hazard zones though this working step is not discussed here.  
 
3.2 Empirical models for assessment of glacial hazards 
Empirical relations have been used here for practice-oriented assessment 
procedures (Papers I, II). These structured procedures are based on several relations 
which are applied in a stepwise fashion and which assist in assessing possible 
hazardous processes. On the other hand, the empirical relations have been used as a 
basis for GIS models simulating the effects of glacial hazards (Papers III, IV, V). As 
an objective, they should be able to build on data to be derived from remote sensing 
imagery and thus to link remote sensing and GIS models. For this purpose, empirical 
relations available from the literature have been reviewed. When relations were 
missing to complete the assessment or to fulfill specific model requirements, 
additional relations were developed. However, due to the scarcity of measured data, 
derivation of empirical relations is limited. Most of the relations presented could 
benefit from more extensive datasets. The relations typically allow rough estimates of 
starting conditions, event magnitude, or travel distance (Paper I). Whether they are 
applied in a desk study or implemented in a GIS-based model, the results thus gained 
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represent first-order estimates. More detailed models can be applied subsequently. 
However, it should be stressed that such second-order models often cannot 
significantly improve accuracy and safety of the result due to the complexity and 
uncertainties involved in glacial hazards. In some cases (e.g., determination of erosion 
rate of debris flows), there is not yet a sound physical method available, and related 
estimates have to be derived from experience concretized in empirical relations 
combined with field mapping methods (Paper I).  
Figure 11 represents the linking functions of empirical relations based on output 
from remote sensing imagery and defining boundary conditions of GIS models for 
glacier lake outbursts. The relation between lake area and volume can alternatively be 
replaced by the assumption of a certain lake depth, usually applying a lower and an 
upper depth value. Models working with an idealized lake geometry often 
overestimate the lake volume (Paper II). Empirical relations on peak discharge of lake 
outbursts are comparably wide-spread (e.g., Haeberli, 1983; Evans, 1986; Costa and 
Schuster, 1988; Evans and Clague, 1994). For the purpose of this study, peak 
discharge is best related to lake volume. Other approaches are based on parameters 
like potential energy of the water reservoir (dam height, volume and specific weight of 
water; Costa and Schuster, 1988). It is absolutely essential to distinguish - and assess - 
the different modes of lake failure, i.e., moraine dam failure, mechanical or hydraulic 
failure of ice dams, etc. (Tweed and Russell, 1999, Walder and Costa, 1996; Walder 
and O'Connor, 1997). Peak discharge is related to erosive force and flow volume and 
thus to runout distance of a lake outburst (Papers I, II). Runout distance can thereby be 
expressed in terms of the slope α between the horizontal and a line from the starting 
point (i.e., the lake) to the furthest point of deposition (or damage). In the assessment 
procedures presented in Paper I, a worst-case approach is proposed using a minimum 
average slope. Runout in the GIS models is constrained by the same approach. Based 
on a limited set of data, the average slope α can also be defined as: 
 
 




where Qmax is the maximum discharge (in m
3/s). The statistical significance of this 
relation is limited but it may serve as an additional estimate for very small or large 
peak discharges when the runout as determined by the worst-case approach might not 
be reached or overrun, respectively.  
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Fig. 11: Procedure for use of empirical relationships for glacial lake outbursts 
showing the linking functions between remote sensing data and GIS models. 
 
For ice avalanches, the use of empirical relations is indicated in Figure 12. Meteo 
stations provide mean annual air temperatures (MAAT) which can be extrapolated to 
the elevation of the glacier in order to estimate the ice temperature. Such an estimate is 
strongly simplified since firn and ice temperature not only depend on the MAAT but 
also on other parameters such as radiation flux, amount of penetrating and refreezing 
meltwater, accumulation and ablation, etc. (Hooke et al. 1983; Suter et al., 2001; Suter 
and Hoelzle, 2002; Paper I). Bed temperature is furthermore related to complex three-
dimensional effects influencing the rock temperature (Haeberli et al., 1999; Gruber et 
al., 2003). In view of the difficult and sometimes impossible field data collection and 
of the relatively direct relation of firn temperature to bed temperature on steep hanging 
glaciers it is, however, a pragmatic first-order approach. Based on a limited number of 
ice avalanche events mainly in the Swiss Alps, a critical stability slope β is then 
derived from MAAT (T, in °C): 
 
 
[2]     β = 580 ⋅ (T + 25)−0.97 
 
 
As for eq. [1], more data could strongly improve the basis for such a relationship. 
For more safety-driven assessments an empirically found slope of 25° for temperate, 
and 45° for cold-based glaciers may be preferred (Papers I, IV). These parameters feed 
the GIS-based algorithm for detection of potentially avalanche-prone glaciers (Papers 
IV, V). The runout distance of ice avalanches is also empirically- and worst-case-
based. Two-parameter models may be applied but studies by Alean (1985a) have not 
shown a remarkable improvement of the resulting runout estimates. Problems related 
to a wider application of 2-parameter models (or physically-based models in general) 
stem from the difficulty in predicting the initial avalanche volume which is actually 
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extremely difficult to assess. Sound approaches for the solution of the problem do not 
yet exist. Therefore, in the assessment procedures presented, a method using cliff 
length, depth and reasonable break-off width is proposed (Paper I). In practice, this 
probably remains often the only viable approach on a regional level. 
It has been recognized that a maximum travel distance based on an average slope 
of 17° valid so far for the European Alps can be exceeded by particularly large events 
predominantly outside the Alps. Therefore an additional relation was derived based on 
large ice avalanche events worldwide. The relation allows an estimate of the average 










Fig. 12: Procedure for use of empirical relationships for ice avalanches showing the 
linking functions between remote sensing data and GIS models. 
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3.3 Remote sensing-based detection of glacial hazards 
Glacial lakes 
Potentially unstable glacial lakes can be found over large and remote areas. 
Automatic techniques are therefore an important prerequisite for efficient detection. A 
normalized difference index method has been developed taking advantage of the 
different reflectance of water in different multispectral channels (Normalized 
Difference Water Index, NDWI, Paper II). For Landsat-TM, channels 1 and 4 are used 
where water shows maximum and minimum reflectance (Fig. 13). Threshold 
evaluation for lake classification based on the index image is normally done 
individually for a scene (scene-dependent reflectance properties). When dealing with 
ASTER, the lack of a channel in the spectral range of TM channel 1 has to be faced. A 
viable alternative is the use of ASTER channels 1 and 3 (corresponding to Landsat-
TM channels 2 and 4: Zollinger, 2003). Automatization with ASTER depends on the 
types of lakes to be detected where lakes with high sediment suspension allow better 
segmentation than clear water lakes. Turbid lakes can also be detected by applying the 
Normalized Difference Vegetation Index (NDVI) using ASTER channels 2 and 3 (or 
correspondingly Landsat-TM channels 3 and 4; Paul, 2004). Cast shadows disturbing 
the normalized difference water index image can be eliminated by simulating shadows 
induced by the sun position at the time of the satellite overpass (Paper II). High-quality 
DEMs such as the Swiss DHM25 are required. Paul (2004) used DEM information to 
map (flat) surface water based on a slope threshold of 0.5° 
Criteria have been defined to support a remote sensing-based assessment of glacial 
lake hazards (Paper II). Lake, dam, potential outburst triggers and flow trajectory are 
important issues to consider. Type of dam, freeboard, or dam width-to-height ratio can 
influence dam stability. Rockfall, ice avalanches, landslides or debris flows can trigger 
a lake outburst. Some of these criteria can be used for estimating probability of 
occurrence (Section 3.1, Paper I). Contact of a lake with a glacier or rate of lake 
growth are further factors. Determination of temporal lake evolution relates to change 
detection methods when remote sensing data from different points in time are 
analyzed, often by using image classification techniques (Paper II). 
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Fig. 13: Example of lake detection using the NDWI, based on a 1999 Landsat ETM+ 
image of the Cordillera Carabaya in Southeast Peru. Lakes are marked black (from 




Detection of ice avalanche-prone glaciers starts with the classification of glacier 
areas. The ratioing algorithm dividing Landsat-TM channels 4 by 5 has proven to be a 
robust technique (see Paul et al., 2002, among others; Papers IV, V). For the steep 
hanging glaciers concerned here, conditions might be more complicated in northern 
expositions (on the northern hemisphere) due to shadowing. The TM4/5 algorithm, 
however, works in such areas as well, and postprocessing may further improve the 
results (Paper IV). Paul (2004) has found that a channel ratioing of TM3/5 has better 
performance in areas of extended shadows. The criteria for detection of potentially 
unstable glaciers may be either the relation between slope and mean annual air 
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temperature (MAAT) or the 25°/45° approach. For initial assessments, it is 
recommended to apply a uniform critical slope of 25° (Papers IV, V).  
Providing more than a rough estimate of the potential for ice avalanches for a 
certain glacier is extremely difficult and fraught with uncertainties. Factors such as 
topographic conditions, precursor icefall events, existence of meltwater or striking 
crevasse patterns may be indicators of ice break-offs (Paper I). Salzmann (2002) used 
remote sensing data in combination with terrain modeling to detect cliff-type glaciers 
by mapping major topographic steps. Former ice avalanche events can be identified by 
Landsat-type remote sensing data, while crevasse and glacier cliff analysis requires a 
spatial resolution in the range of 1 to 2 m (Paper V).  
 
Steep debris reservoirs 
Steep periglacial debris reservoirs have repeatedly released particularly large 
debris flows (Zimmermann and Haeberli, 1992). Remote sensing-based detection of 
such reservoirs could much improve early recognition of related hazard potentials but 
has turned out to be a special challenge (Paper V). Use of Landsat-TM data in 
combination with an artificial neural network classification did not yield satisfactory 
results. During these tests, the spectral domain was recognized as not being feasible 
for dealing with the debris problem due to the spectral similarity of debris and rock 
(Paul et al., 2004; Paper V). Hence, the spatial domain was analyzed using IKONOS 
panchromatic imagery (1 m spatial resolution). Filtering techniques were found to be 
capable of detecting debris accumulations due to the predominantly uniform surface 
structure of such areas (Paper V). According to extensive investigations in the Swiss 
Alps (Haeberli et al., 1991; Rickenmann and Zimmermann, 1993; Zimmermann et al., 
1997a), a slope range between 27° to 38° was applied to map potential debris flow 
trigger zones. If IKONOS data is not available or application over larger areas are 
required, SPOT-5 2.5 m resolution panchchromatic imagery could be used instead 
(Paper V). When working with Landsat-TM multispectral data, a threshold slope of 
about 35° could enhance the distinction between debris and steep bedrock.  
Contact zones of rockwall and scree slopes can also be starting areas for debris 
flows (Rickenmann and Zimmermann, 1993). Remote sensing imagery of enhanced 
spatial resolution (1 to 5 m) and terrain modeling (change in slope, i.e., first derivative 
of slope) can enable a related assessment. Debris flow activity of scree slopes can be 
evaluated by identification of existing debris flow channels, preferably using 1 to 2 m 
spatial resolution imagery (e.g., IKONOS or SPOT-5) due to small-scale flow 
structures. Assessment of sediment availability for potential erosion, which is essential 
for estimates of debris flow volume, requires imagery of a similar spatial resolution.  
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Use of remote sensing-derived DEMs 
Terrain modeling significantly contributes to the detection of potential hazard 
zones in glacial and periglacial areas. Satellite imagery-derived DEMs are of particular 
importance for remote regions without DEMs. In this study, DEMs generated from 
ASTER stereo imagery were evaluated. Whereas ASTER-DEM application was 
successful for process-related models of potential effects, the potential for support in 
detection of potential hazard zones is more limited. In a case study at Gruben, southern 
Switzerland, elevation errors of the ASTER-DEM (compared to a photogrammetric 
DEM) showed a root mean square error (RMSE) of about 18 m for a subset excluding 
mountain peaks and maximum error < 25 m around the debris flow trajectory (Paper 
III). In particularly rugged and complex terrain in the Swiss Alps a RMSE between 30 
and 60 m was found (Kääb, 2002; Kääb et al., 2003b; Eckert et al., in press). In case 
studies outside Europe where ground reference accuracy is limited, a RMSE between 
26 and 42 m resulted for a region in the Khumbu Himalayas (Zollinger, 2003), and a 
RMSE of about 50 m for an area in the southern Peruvian Andes (Huggel et al., 2004), 
both in extremely steep topography. Maximum errors were in the range of 250 - 450 
m. The most problematic areas in ASTER-DEMs are slopes turned away from the 
sensor (i.e., mainly steep northern slopes), and mountain peaks showing errors 
resulting from failed image matching. DEM errors which produce undesired results 
can be reduced by applying methods which are based on automatic identification of 
aberrations using elevation differences from differently spaced DEMs (e.g., 30, 60, 
120 m), and subsequent interpolation (Zollinger, 2003). It has not yet been possible to 
detect steep glaciers nor steep debris reservoirs by applying area-wide ASTER-DEMs. 
However, for specific cases and in the absence of more accurate data, ASTER-derived 
terrain information can competently support estimates of glacier, bedrock or debris 
slope (Huggel et al., 2004). 
3.4 GIS-based modeling of glacial hazard potentials 
Glacial lake outburst modeling 
Rapid changes in glacial environments in densely populated mountain regions and 
in large and/or remote areas, as well as related uncertainties concerning hazards from 
glacier lakes, emphasize the need for regional-scale modeling methods. Two models 
based on hydrological flow routing have been presented in this study for simulating 
lake outburst floods (Paper III). Input to the models are lake locations as detected by 
remote sensing and a raster-based DEM. Model requirements could thus be kept to a 
minimum.   
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The first model, the Modified Single Flow Direction (MSF) model, is based on the 
frequently used D8 single-flow-direction algorithm (O’Callaghan and Mark, 1984) 
which follows the steepest descent direction. In order to account for flow spreading 
and sediment deposition observed with debris flows, a function was integrated 
enabling flow diversion of up to 45° from the steepest descent direction (Paper III). 
The model results in a map of areas which are potentially affected by a lake outburst 
(Fig. 14). Each cell has a numerical value which represents the probability that this cell 
is affected by the flood. Determination of the runout distance is based on the average 
slope concept (cf. Section 3.2). The model is open to implement an arbitrary value for 
the slope or a related function (e.g., equation [1]). Within this study and for use in the 
European Alps, a worst-case approach was applied using an average slope of 11° 
(Haeberli, 1983; Papers II, III). 
A second model was presented using a Multiple Flow Direction (MF) algorithm 
introduced by Quinn et al. (1991). Flow is thereby partitioned fractionally from a cell 
to each lower neighbour by weighting flow in proportion to slope. The original 
algorithm was modified to enable flow release and downstream distribution from a 
point source (i.e., a glacier lake). The amount of water draining through each cell such 
as calculated by the multiple flow direction algorithm is interpreted as a qualitative 
probability that this cell is affected by the debris flow (Paper III). As with the MSF 
model, the simulated debris flow is stopped where an average slope of 11° is reached. 
It was found that the stored water volume of most alpine-sized glacier lakes was not 
sufficient for realistically simulating a related debris flow due to the strong diverging 
flow algorithm. The appropriate starting cell value was best evaluated iteratively 
during model runs. 
Both, the MSF and the MF models, do not strictly have a physical basis of debris-
flow behavior. They strongly rely on digital terrain information and do not take into 
account geotechnical or geological conditions in the flow channel. As a consequence, 
the models do not give any direct information on the expected debris-flow volume, 
amount of sediment eroded and deposited, or on the maximum discharge. Such 
estimates can subsequently be made, for instance, using empirically-derived relations, 
as addressed in Section 3.2. However, the models yield very reasonable results for 
areas potentially affected by lake outbursts on a regional level (Kääb et al., 2003b; 
Huggel et al., 2004; Paper III). In general, the MSF model is more robust against DEM 
errors and more straightforward in propagating flow downwards, and less user 
interaction is necessary. Integration of complete modeling procedures within a GIS 
environment facilitates model handling and application. The MF model, on the other 
hand, is better capable of modeling flow propagation on the fan and less sensitive to 
DEM-induced flow direction errors (Paper III). The structure of the MF model tends to 
be more adaptable to user modifications. In both models, areas of flow diversion or 
conversion can be an indication of predominant sediment deposition or erosion, 
respectively. 
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Fig. 14: Application of the MSF model in the Peruvian Andes based on ASTER image 
and stereo data showing two potential glacial lake outbursts. The models were part of 
a hazard assessment study for a hydro power plant (located at the upper end of the 
image), which was destroyed by a particularly large debris flow (in the order of 25 
mill. m3) in 1998. The event had its origin in the Rayancancha scar at ca. 4000 m 
a.s.l., traveled all along the Ahobamba river and eventually dammed the Vilcanota 
river. The Rayancancha scar is shown in the photo with a person indicating the scale. 
A glacial lake outburst is furthermore known from the Laguna Salcantay in 1996 
(from Huggel et al., 2004; photo: Reynolds Geoscience Ltd., 2002). 
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Ice avalanche modeling  
Potential ice avalanche trajectories and runout distances are modeled based on the 
detection of steep glaciers by remote sensing and terrain modeling techniques (Papers 
IV, V). A single flow direction algorithm was applied to simulate the flow trajectory 
along the steepest descent path (Paper IV). The start location of the avalanche was 
defined by the glacier area previously detected as potentially prone to failure. The 
runout distance was determined using an average slope of 17° reflecting a worst-case 
approach for case studies in the Swiss Alps (Paper IV). The model is capable of 
simulating ice avalanche hazards on a regional basis. Application of an average slope 
for calculation of the runout distance is a rough approach and a slope of 17° can 
considerably overestimate the actual runout in the Swiss Alps. Energy dissipation in 
case of large avalanche drop heights as well as loss of energy due to friction caused by 
changes in flow direction can significantly influence and reduce the runout distance 
(Paper I). Still, the primary goal of a worst-case concept, i.e., not to exceed the 
predicted runout distance, was achieved within the studies performed here. The model 
was not thoroughly evaluated for use outside the European Alps. Recent ice avalanche 
events (e.g., Kääb et al., 2003a) indicate that the runout distance according to the 
average slope applied here can be exceeded in extreme cases, in particular for 
combined rock-/icefall events (Paper I).  
Two avalanche features can presently not be mimicked by the model described 
above: the powder part of the avalanche and run-up dynamics. Formation of powder 
avalanches can be related to large drop heights with ice or snow particles in 
suspension. Impact by pressure can be considerable. The flow characteristics of 
powder avalanches usually escape the functionality of topography-based models due to 
strong spreading. An approach to the problem could be a flattening of the DEM, which 
enables larger spread and overriding of bumps or small hills. Alternatively, snow 
avalanche-based models could be applied (Margreth and Funk, 1999; Fuchs et al., 
2001). Run-up on slopes by ice avalanches has been observed in some cases, e.g., 
during the 1895 Altels avalanche (Röthlisberger 1981, 1987). Upslope flow is contrary 
to the concept of topography/hydrologically-based models. Run-up simulation must 
therefore include an energy component in the model. 
With the present GIS implementation and automatization of the model, a further 
problem is avalanche modeling from multiple source zones but within the same 
catchment. At the point where two or more avalanche flows converge, only the 
relation of drop height to horizontal distance (i.e., average slope) of one avalanche 
flow can be followed further downstream, which obviously induces errors to the 
runout distance of the other avalanche. In such cases, avalanches should be modeled 
separately. 
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Periglacial debris flow modeling 
Debris flow initiation zones have been detected using remote sensing and terrain 
modeling techniques (Paper V). The model applied for flow simulation is the MSF (or 
possibly the MF) model as described for lake outbursts (Paper V). For the probable 
maximum runout distance, an average slope of 11° was used. Several studies have 
shown that this slope value applies to debris flow events in the Swiss Alps (Haeberli et 
al., 1991; Rickenmann and Zimmermann, 1993; Zimmermann et al., 1997). Other 
approaches relating the critical average runout slope to the catchment area of each cell 
(Heinimann et al., 1998) are less suitable for this purpose since large periglacial debris 
reservoirs may have enormous sediment yields not directly related to catchment size. 
The model does not directly provide any information on debris flow volume, flow 
depth or velocity. Empirically or physically-based approaches can be used instead 
(Rickenmann and Zimmermann, 1993; Iverson, 1997). According to the algorithm, the 
MSF model simulates flow diversion on convex terrain. Talus slopes as they can often 
be found in periglacial areas represent such a terrain form. Debris flows starting on 
talus slopes, actually often from the upper end at the contact with bedrock or at toe of 
the slope by retrogressive erosion, usually show linear erosion (possibly with levee 
structures) but seldom flow diversion since the initial flow volume is too small and the 
slope too steep. Flow diversion simulated by the MSF model for these areas is 
therefore mostly not appropriate. However, this inconsistency of the model versus 
reality does not significantly affect the hazard assessment since these starting areas are 
usually far from any infrastructure, and the precise flow behaviour of a debris flow is 
thus not of major importance.  
 
Process interaction modeling 
Though process interactions are a significant problem in glacial hazards and 
involved in some of the largest catastrophes, they are often not adequately taken into 
account by hazard assessments. There is a need for a methodological framework which 
incorporates a robust modeling environment. In this study, attempts were made to 
provide methods for first-order, regional-scale modeling of process interactions in 
glacial and periglacial environments (Paper V). In consideration of the complexity of 
interacting processes, the modeling is designed to require an expert to intervene and 
analyze the conditions at the interface of interacting processes. The most imminent and 
wide-spread hazards emerge from mass movements into glacial lakes potentially 
provoking lake outbursts. Here, ice avalanches and debris flows were considered as 
inflow mass movement processes whereas snow avalanches, rockfall or landslides 
were beyond the scope of the study. Ice avalanches and debris flows were modeled as 
described above. First-order assessment of the effects on the lake was performed based 
on reasonable assumptions, findings from recent studies and digital terrain data (Paper 
V). However, the processes responsible for producing impact waves, run-up on the 
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dam and overtopping are complex and not completely understood (Vischer and Hager, 
1998). Formation and dimension of impact waves depend on depth and volume of the 
lake, on volume, flow height and velocity of the incoming mass movement as well as 
on the corresponding sliding surface slope (Paper I). The inflowing mass volume is 
one of the most critical parameters that need to be assessed. However, prediction of the 
potential failing mass volume is fraught with uncertainty, particularly for ice 
avalanches. It is therefore suggested to define different scenarios of mass failure and 
flow including a worst-case which typically assumes collapse of the whole hanging 
glacier. Detailed analyses of flow dynamics of the mass movements and related effects 
in the lake have been presented, e.g., by Walder et al. (2003). While such analysis is 
beyond the scope of this study, it is suggested to account for some basic considerations 
including most important parameters. The volume of the incoming mass movement in 
relation to the lake volume is a crucial parameter for effects of run-up height and 
overtopping, and thus, for potential outburst of the lake. Based on an analysis of case 
histories of landslide and avalanche impacts on lakes (Huber, 1980; Müller, 1995; 
Walder et al., 2003), the following ranges of H were defined. For H = 1:1 to 1:10 the 
lake may be emptied completely due to displacement of water. For H = 1:10 to 1:100 
water displacement or propagation (impact waves) may be involved, and a high 
probability of overtopping exists unless the freeboard is high relative to the lake size 
(Papers I, V). The overtopping or outburst volume furthermore depends on the dam 
stability and potential failure. 
Other process interactions such as river damming by ice avalanches or debris 
flows/lake outbursts must also be taken into account. Such ice avalanche dams can 
burst by sudden failure unless the dam is very large (several hundred meters long), 
highly compacted and with a significant debris content (Kääb et al., 2003a; Haeberli et 
al., in press). Relations for peak discharge estimates of sudden ice dam failures have 
been provided by Haeberli (1983) or Walder and Costa (1996), for example. In view of 
the integrative hazard assessment aimed at here, information on infrastructure was 
included. Individual buildings were not considered since an assessment of more detail 
than regional-scale would be needed. However, it was possible to evaluate potential 
hazards on linear structures such as main traffic routes or frequently used hiking trails 
(Paper V). 
Further hazardous process interactions not specifically considered here are, for 
instance, snow avalanches and rockfalls into a lake, or flow transformation of ice 
avalanches into snow and debris avalanches/flows, or debris flows into 
hyperconcentrated flows, etc. (Körner, 1983; Pierson, 1985; Haeberli et al., 1997; 
Kääb et al., 2003a). 
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Model sensivity to input terrain data and related applications 
The applications of the lake outburst flood models have shown that DEM 
resolution, quality and accuracy is crucial for the model performance and results. The 
strong dependency of the model on input topography is founded on the model 
algorithm as described above. Applications  of different objectives and data 
availability in different regions prompted an evaluation of the model sensitivity to 
different DEMs. Three different DEMs were tested: the 25 m gridded DHM25, Level 
2, distributed by Swisstopo (Swisstopo, 2001), an ASTER-derived 25 m-gridded DEM 
and a 10 m-gridded photogrammetrically derived DEM (Paper III).  
DHM25, Level 2: The application of the MSF model with the DHM25, Level 2, in 
general yielded an adequate representation of the flow path in comparison with ground 
truth data on previous lake outburst events. On fan morphologies, the spreading 
behaviour of the model was reasonable, and the corresponding probabilities are 
capable of giving a correct estimate of the most susceptible areas (Paper III). At the 
fan apex, however, it has been observed that the model sometimes has a tendency to 
run towards an excessively lateral spread. Limited DEM accuracy or resolution may be 
a reason, but such features can also represent actual critical points of potential flow 
deviation. 
ASTER-derived DEM: The motivation of the application of the ASTER DEM is 
its potential use in any high-mountain region worldwide according to the global 
coverage of ASTER data. The results of the application of the MSF model indicated 
that the degree of terrain detail in the ASTER DEM was significantly less than in the 
DHM25, though both DEMs had the same ground resolution (i.e., 25 m) (Paper III). In 
general, the ASTER model showed a stronger lateral spread in conjunction with the 
MSF model. The likely reason was that the ASTER-derived DEM was not sufficiently 
accurate in representing terrain details (e.g., incised flow channels) and convex terrain 
forms provoked the lateral spread. However, if we focus on the probabilities, the most 
likely flow path and area affected were quite well assessed. In general, the ASTER 
DEM in combination with the MSF model did not yield sufficiently adequate results 
for small and steep gorge sections and was not able to represent debris-flow behavior 
on alpine-sized fan structures. Nevertheless, these tests were made for steep channels 
and tributaries to main valleys where small-scale topography is a significant aspect of 
flow behaviour (Paper III). For main valley floods, investigations indicated that model 
applications with ASTER DEMs can provide important first-order assessments (Fig. 
14; Huggel et al., 2003a; Kääb et al., 2003b). 
Aerial photography-derived DEM: The objective of the evaluation with a high-
resolution DEM derived from aerial photography was to investigate the extent to 
which the model results can be improved using such a highly detailed DEM. The 
results confirmed that small-scale morphology can be represented, and that it 
influences details in the modeling result. The application of the 10 m-gridded DEM 
yielded the most information and details on the flow behaviour. The model results 
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offered more options of possible flow deviations or secondary flow paths which can 
often be observed in reality (Paper III). However, there were no significant changes in 
the model result (in terms of flow behaviour) in comparison with the DHM25, Level 2. 
A possible reason is the high quality of the DHM25. Due to limited coverage of the 10 
m DEM, the model performance on a large fan in combination with a high-resolution 
DEM could not be evaluated. 
In conclusion, the use of a publicly available 25 m-gridded DEM in Switzerland 
(DHM25, Level 2) is probably best qualified for first-order assessments of glacier-lake 
outburst hazards in alpine regions. Model runs showed that the accuracy is sufficient 
for the scope of such assessments. In complex alpine terrain with characteristic close 
proximity of installations to hazard sources, the ASTER-derived DEM can hardly 
satisfy the need for assessments of hazards from glacier lake outbursts. The 
fundamental importance of ASTER-derived DEMs becomes evident in remote high-
mountain regions where access is difficult or prohibitive and basic ground-based data 
is lacking (e.g., in the Himalayas, Tien-Shan, Andes; Fig. 14; Reynolds, 1992; Huggel 
et al., 2003a; Kääb et al., 2003b; Huggel et al., 2004; Eckert et al. in press). For local 
studies, the use of a high-resolution DEM such as the 10 m DEM used here could be 
considered. The model performance in combination with such a DEM could be further 
evaluated beyond this study. Specifically, the flow simulation on fans, which is crucial 
for most local hazard assessments, requires further investigation. In addition to 
photogrammetry-derived DEMs, DEMs from laser scanning techniques could be an 
option for application where the most accurate terrain details are required. Model 
evaluation with DEMs of coarser resolution than the ASTER DEM could be an option, 
for example in less-developed countries, but was not considered necessary because 
ASTER data has global coverage and is of no or very low acquisition cost. Related 
DEMs can thus be generated for any mountain region worldwide, given the 
availability of cloud-free scenes. 
4 Conclusions 
 
Concepts and methods for assessment of glacial hazards. An initial attempt has 
been made in this study to conceptualize the assessment of glacial hazards according 
to a definition of hazard by magnitude and probability of occurrence. Though 
frequency or recurrence interval is a parameter needed for practice and planning, it has 
been shown that glacial hazards usually pose enormous difficulties for deriving the 
corresponding estimates, and deviate from the normal negative nonlinear relationship 
between magnitude and frequency. Modeling based on probable maximum magnitude 
may be suitable for regional spatial planning while for local planning, including 
emergency cases, reasonable probable estimates based on empirical and/or physical 
models are influenced more strongly by a given economic, social and quite often 
touristic situation. For regional as well as for local issues, systematization of 
assessments is important. Thus, the assessment procedures presented here systematize 
different steps of a hazard assessment, incorporating simple, worst-case-oriented 
empirical relations and defining the criteria for estimating the degree of hazard. The 
procedures are sufficiently open to future adjustments. Similarly, the criteria proposed 
here to estimate the probability of occurrence represent a starting point for further 
analysis and verification, particularly with respect to a progression from qualitative to 
quantitative criteria. Further documentation of glacial hazard events is one basis for 
such progress. In the framework of this dissertation project, an online database on 
historical glacier-related catastrophes in Switzerland has been developed (accessible at 
www.glacierhazards.ch) which serves as a platform for retrieving information on 
glacial hazard events. 
 
Modeling strategies and related hazard detection and assessment. Based on the 
three methodological levels initially defined, hazard detection and assessment relate to 
the first two levels, respectively. Techniques have been presented on how to detect 
source zones of potential glacial hazards using satellite-based remote sensing. Spectral 
range and spatial resolution of the sensors are fundamental for the detection of the 
objects and have to be selected accordingly. Whereas glacier and glacial lake detection 
requires (near-) infrared ranges and works well at 20-30 m spatial resolution, analysis 
of periglacial debris deposits requires a much higher spatial resolution. Remote 
sensing-based detection is generally more straightforward than the assessment of the 
related hazard. Assessment is largely supported, and can be automated to some degree, 
by integration of terrain data. In the case of ice avalanches and periglacial debris 
flows, terrain data are mandatory for the detection of potential source zones. Sound 
evaluation of hazards related, for instance, to a glacial lake, can hardly be done fully 
automatically, and, thus, eventually requires the interaction of an expert or – even 
better – a group of experts. Furthermore, remote sensing and terrain modeling 
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techniques seldom yield conclusive statements. However, they do provide very 
valuable statements on which locations should be analyzed in more detail, i.e., where 
field studies are essential. Obviously, the degree of conclusions that can be drawn also 
depends on the scale and the spatial resolution of the data used. The approach followed 
here is therefore a downscaling process starting at medium- to high-resolution data (ca. 
20-30 m), and continuing with resolution ranges of 1-5 m, which are capable of 
focusing well on critical locations. 
 
GIS-based process modeling by integrating empirical relations and remote 
sensing data. Terrain data also plays a fundamental role in simulating hazardous 
processes and related impacts. GIS has been used to integrate remote sensing-derived 
and DEM information for running the process models. The developed models are 
based on hydrological flow-routing and are able to simulate flow trajectories, affected 
areas and the travel distances of the mass movements under consideration. The models 
are simple and requiring little input data, and thus are suitable for a wide application. 
Information extracted from remote sensing imagery and terrain models are thereby the 
most important input. The modified single flow direction model which is fully 
integrated in a GIS environment has proven to be more straightforward and efficient. 
A qualitative hazard probability on whether a certain point might be affected is 
provided. These models typically yield regional first-order assessments of glacial 
hazards. The modeling approach has only a partial physical basis and integrates 
empirical relations as well. For local-scale applications, stronger physically-based 
models can often improve the quantitative conclusions. However, the processes 
involved are still poorly understood and physical models often cannot encompass the 
full range of needed parameters. For instance, assessment of erosive activity of debris 
flows/lake outbursts is outside the capabilities of current physical models. Therefore, 
the use of empirical relations combined with field observations is sometimes the only 
practical method. 
 
Process interaction modeling. An important objective of this study is to apply an 
integrative view on glacial hazards. Therefore, efforts have been directed to the 
modeling of process interactions. The individual models on debris flows, ice 
avalanches and lake outburst flood were integrated into a GIS for the purpose of 
detecting and assessing the critical locations of possible interactions. The models used 
provide reasonable results on a regional level, as the applications indicate. The most 
significant hazards have been found to stem from mass movements (e.g., ice 
avalanche, debris flow, lake outburst) into glacial, periglacial or artificial reservoir 
lakes. Generation of displacement waves can result in dam deterioration and 
eventually in a lake outburst. On a detailed physical level, such process interactions 
can be extremely complex. Therefore, the ultimate aim is not physical process 
modeling, but rather the integration of all possible and relevant interactions. Such 
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systematic modeling can be of major significance, since a corresponding effort often 
exceeds the cognitive capacities of an expert, and small but potentially critical aspects 
can easily be overlooked.  
 
Evaluation and use of new data and technologies. The remote sensing-based 
techniques and related process models have been applied in studies outside the 
European Alps, namely in the Peruvian Andes and to a lesser degree in the Himalayas. 
The advent of the satellite sensor ASTER with its capability of stereo image recording 
and thus DEM generation has greatly broadened the potential for remote applications. 
It has been found that in the Swiss Alps, where high-quality DEM information is 
available, the application of glacial hazard models with ASTER DEMs of lower 
quality is of limited use. In the regions named above, however, DEMs are typically not 
available and ASTER-based applications for glacial hazards have proven to be a major 
benefit for practical studies. Recent very-high resolution sensors such as IKONOS and 
QuickBird are also an interesting option in such regions for second-level studies. The 
high product price is currently a drawback for research as well as for commercial 
studies. The most recent, and appealing option is SPOT-5, in operation since early 
2003. Though somewhat coarser in spatial resolution than IKONOS or QuickBird, the 
lower price, larger swath width and simultaneous stereo viewing capabilities similar to 







The present study is situated within a triangle consisting of the remote sensing 
community, the physical process modelers, and practitioner institutions (cf. Fig. 15). 
This implies a number of research challenges relating to the difficulties in coming to 
terms with the different scientific philosophies of each party. Different expectations in 
a study such as the present one may illustrate this. The remote sensing community may 
expect use and application of most recent remote sensing data, algorithm development 
and verification. Physical process modelers may prefer the incorporation of as much 
physical understanding as possible, a low degree of simplification and thus very 
precise models, and the advancement of process understanding, while practitioners 
may want simple, widely applicable methods, direct value and evidence of the 
reliability and probability of models. The challenge of reasonably integrating these 
diverse priorities is illustrated in the following based on a number of key issues which 
are often characterized by a lack of adequate communication between the different 
communities. For instance, remote sensing people often work on different scale levels 
than physical modelers. Remote sensing applications are commonly limited by the 
spatial resolution of the sensor (meters to decameters), whereas studies on 
gravitational mass movements may be concerned with grain size influence in the (sub) 
millimeter range. Due to this scale distraction, development of integrative and 
compatible approaches is hampered. The link between remote sensing research and 
process modeling could clearly be much improved in high-mountain hazard studies. 
On the other hand, process modelers seldom benefit from the enormous data available 
from remote sensing. One of the reasons might be, in fact, the different scale 
requirements. Practitioners, in the end, need simple and reliable models and often 
make use of empirical relations which have proven to perform well in practice. 
Presumably due to the technical specialization needed, and the demanding software 
and data requirements, few practitioners currently make use of remote sensing. 
Furthermore, risk aspects, economic, social and political issues related to hazard 
mitigation and prevention quite often are of major significance in practice. 
Nevertheless, the interest in and the will to attempt the application of remote sensing 
definitely seem on the rise. A draft of a somewhat idealized exchange between the 
remote sensing community, physical process modelers and practitioner institutions or 
companies is given in Figure 15 in the form of a triangle. A recent research program 
funded by the European Union (‘Glaciorisk’) has tried to encourage practitioners or 
government institutions to monitor potentially hazardous glaciers in Europe based on 
local observations. 
In view of these developments and trends, it is strongly believed that a large 
potential worth to be further exploited in glacial hazard research lies in the integration 
of remote sensing techniques, terrain modeling and process-based models. These 
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models do not necessarily have to exhibit the ultimate in sophistication. Most 
importantly, robust, simple and practice oriented models are needed which can be 
readily applied and contribute to the assessment of the increasing problems related to 





Fig. 15: Possibilities for communication, data and model exchange between the 
remote sensing and physical process modeling communities, and practitioners, in the 
field of high mountain and glacial hazards.  
 
On a more technical level, the following insights on glacial hazard research have 
been gained in the course of this study. In general, remote sensing applications for 
glacial hazards are still scarce. Many more efforts have traditionally been directed to 
the mapping of glacierized areas (still in progress). While the beginning was marked 
by case and pilot studies, in recent years mapping and inventorying projects have been 
initiated over larger areas. The international Global Land Ice Measurement from Space 
(GLIMS) project is the result of such a worldwide effort. The primary goal of the 
project is to inventory the world's glaciers with emphasis on climate-related aspects 
(Kieffer et al., 2000). Most recently, glacial hazards have become a further focus of 
study. In the course of these studies, it is essential to ensure the understanding of the 
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nature of glacial hazards by remote sensing people and thus the quality of any hazard 
assessment released. As recent examples have shown, incorrect statements can 
sometimes cause more harm than actual hazards (e.g., a hazard warning related to a 
Peruvian glacial lake released by NASA in 2003). The broadest use to date of satellite-
based remote sensing related to glacial hazards has probably been for the mapping of 
glacial lakes. Increasingly severe safety problems, new sensor availability and wider 
distribution of models are likely to stimulate the expansion of the range of application 
in glacial hazards.  
This study has concentrated on optical multispectral satellite sensor systems. 
However, basically there are further systems available for potential applications to 
glacier-related hazards. Synthetic Aperture Radar (SAR) data can be used to detect and 
monitor surface deformation by differential interferometry. Though SAR is very 
advantageous due to the capability of area-wide observation of small-scale movements 
largely independent of meteorological conditions, different recording modes, complex 
processing and limited use in high mountains implied by the off-nadir radar sensing 
system (layover effects, etc.) have yet restricted the application in high-mountain 
hazards to research-centered case studies. For dealing with glacial hazards in the near 
future, SAR is therefore expected to be most powerful in case studies where problems 
such as surface instability are important and cannot be covered by optical remote 
sensing. Hyperspectral sensors could be used for second-level studies to retrieve more 
detailed information on a potentially hazardous high-mountain system. The range of 
specific possible applications, however, is yet to be investigated. Photogrammetry has 
repeatedly proven itself an excellent tool for early recognition and assessment of 
glacial hazards. An important contribution was provided by the Swiss National 
Research Program 31 (Climate Change and Natural Hazards; Kääb, 1996; Haeberli et 
al., 1999). The most efficient use of this technique is for local-scale studies where 
detailed analyses are needed.  
On the modeling side, limited understanding of processes involved in glacial 
hazards will continue to impede precise modeling in the future. In the case of debris 
flows, for instance, important progress has been made in the last decade but the 
physical understanding of the phenomenon still remains limited. Due to the high 
complexity involved, important elements of hazard assessments such as erosion are 
fraught with difficulties in current modeling. Nevertheless, a variety of physically-
based debris flow models are available and ready for wider applications. Such models 
are beneficial for application at local scales and can improve the understanding of the 
hazards encountered.  
Other aspects of glacial hazards have been investigated much less thoroughly than 
debris flows. This is particularly true for ice avalanche problems where the general 
understanding is very limited - specifically regarding the conditions leading to 
avalanche formation. Though the significance of ice avalanche-related hazards cannot 
be compared to those of debris flows on a worldwide scale, experience has shown that 
56  Perspectives 
ice avalanches often trigger disasters of a much larger impact and can cause 
catastrophic events of enormous dimensions (cf. Kolka/Karmadon ice/rock avalanche 
2002). Research-based models for simulation of crevasse formation and ice break-off 
processes of hanging glaciers are underway, but in general, assessment of ice 
avalanche hazards probably remains on a fundamental level in the near future, likely 
focusing on impact assessments based on different scenarios. 
The trade-off between input and output of process-based models can also 
influence the application potential. A large number of input parameters can hamper 
wide-spread model application, while too simple models may not provide the required 
results. The capability of a model to adapt to different conditions can furthermore be 
important. Experiences made so far with the GIS-based flow routing models presented 
here indicate that this kind of models represent a viable research direction. Model 
deficiencies are currently encountered with the missing ability to include other 
components influencing flow behavior than the sole gravitational force. Energy or 
impulse propagation, for instance, can cause run-up or superelevation of flow 
processes, which currently cannot be modeled. Further development of the model in 
this direction is possible. Varying resistance or friction on different surfaces (e.g., 
snow, vegetation) could also be integrated in the future. 
The quality and reliability of glacial hazard assessments could be improved by 
applying consistent definitions of magnitude and probability of occurrence. Objective 
criteria help to assess the hazards and can be further developed towards quantitative 
terms. Relevant efforts are underway. Indeed, assessment of magnitude and probability 
of occurrence is one of the major problems with glacial hazards. However, such 
assessments are needed for hazard planning and delineating hazard zones. Practice is 
currently forced to operate with crude estimates, often based on uncertain assumptions. 
It is hoped that the methods proposed to estimate magnitude and probability of 
occurrence can contribute to a stronger basis of such assessments, but more research is 
definitely required to improve the methodological standards. 
There is also a need for more quantitative models for anticipating the effects of 
atmospheric warming on glacial and periglacial areas and related hazards. Anticipation 
of areas with potential future hazards can be crucial in view of decreasing degrees of 
freedom of reacting (assessment, prevention, mitigation, adaptation) to accelerated 
system changes. Regional models of glacier changes induced by climate change are 
being developed and could be applied. Four-D-simulations (including a temporal 
component) of potential high-mountain changes are part of the Swiss National 
Research Program 48. The integration of remote sensing monitoring capabilities, 
modeling of climate influence on high mountains, and hazard process models appear 
to offer the most powerful contribution towards the enormous challenges that society 
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